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Abstract 

 

Polyomaviruses are non-evenloped circular DNA viruses that cause severe polyomavirus-

associated diseases in immune compromised individuals. The diseases associated with these 

viruses have been on the rise due to myriad of immune compromising conditions to which 

individuals are exposed. Hitherto, no cure has been approved for the treatment of these viral 

diseases. Nucleotide analogs (mainly cidofovir, CDV, and its derivatives) have been used 

without approval for the treatment of the diseases but the actual mechanism and targets of 

these analogs used to treat polyomavirus-associated diseases are not yet known. Here, I 

describe the identification of the cellular and viral targets of the analogs and the mechanism, 

by which these analogs inhibit polyomavirus DNA replication. The fatty-ester linked analogs 

(HDP-CDV and HDEacCDV) show strong inhibition of polyomavirus DNA replication in 

concentration-dependent manner. Further analyses reveal that these analogs target the human 

DNA polymerases α-primase and DNA polymerases δ and inhibit DNA synthesis of the two 

enzymes. The inhibition of DNA synthesis by DNA polymerase α-primase with respect to 

dCTP is mixed competitive and noncompetitive whereas with respect to dTTP, dATP, and 

dGTP, the inhibition mechanism is noncompetitive. These fatty-ester analogs also inhibit the 

ATPase and helicase activities of the viral large tumor antigens of polyomaviruses studied in 

a concentration-dependent manner but do not inhibit DNA relaxation activity of human 

topoisomerase I. Neither the fatty-ester moiety alone, the parent nucleotide analog, CDV, nor 

its non-fatty ester derivatives inhibited the activities of the viral and cellular enzymes 

investigated. In addition, to delineating the targets of the fatty-ester linked analogs and their 

mechanism of inhibition of polyomavirus DNA replication these results also suggest that the 

fatty-ester linked analogs acquired novel allosteric inhibition and are active without 

undergoing further modifications, which may account for the increased inhibition efficiencies 

previously reported for the fatty-ester modified nucleotide analogs. This data further suggests 

that fatty-ester modification could be a novel active metabolite in the in vivo metabolism of 

nucleotide analog-based therapies. 
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1.1. Polyomaviruses 

The name ‘Polyomavirus’ is derived from the Greek words - poly (meaning multiple) 

and -oma (meaning turmors) – and was employed by Gross (Gross, 1953) to describe 

filterable extracts from mouse leukemia that were capable of inducing tumors in the carotid 

gland of new born mice (De Gascun and Carr, 2013; Bennett et al, 2012; Johne et al, 2011). 

Until recently, polyomaviruses and papillomaviruses were grouped in the papovaviridae 

family of viruses but following recommendation by the International Committee on 

Taxonomy of Viruses that the name of polyomaviruses should be standardized, the genus 

was divided into two distinct families of polyomaviridae and papillomaviridae (Dalianis and 

Hirsch, 2013). Hence, polyomaviruses are viruses that belong to the polyomaviridae family 

of viruses defined as small non-enveloped double-stranded circular DNA tumor viruses that 

are capable of transforming cells of permissive hosts and exhibit narrow host range and 

species specificity (An et al, 2012; Murakami, et al, 1986; DeCaprio and Garcea, 2013; 

Arnold, 2009).  

Except for avian polyomavirus that has symptoms that manifest after infection, 

infections by mammalian polyomaviruses are underpinned by lifelong latentency and 

asymptomatic persistence in immune competent hosts. However, immuno-suppressing 

conditions such as lympoproliferative disorders, HIV/AIDS (Human Immuno-deficiency 

Virus/Acquired Immune Defeciency Syndrom), use of immune suppressive therapies after 

graft transplants and the use of immune antagonists or biologics as drugs in treatment of 

autoimmune diseases, can lead to the reactivation of polyomaviruses, which could cause 

polyomavirus-associated diseases that will be discussed in details in subsequent sections 

(Satyanarayana et al, 2014; Engelhardt and Kappos, 2008; White and Khalili, 2011; De 

Gascun and Carr, 2013; White et al, 2013).  

 

1.1.1 Discovery, Classification and Disease Associatin of Human Polyomaviruses.  

The first and second members of the polyomaviridae to be described were mouse 

poylomavirus (MPyV) and simian vacoulating 40 virus (SV40), respectively (Gross 1953; 

Stewart et al, 1957; Sweet and Halliman, 1960). John Cunningham Virus (JCV) and BK 

virus (BKV) were subsequently described (Padget et al, 1971; Gardner et al, 1971). 

Following the discoveries of the first two human polyomaviruses BKV and JCV in the 

1970s not many additional human polyomaviruses were known until recently when the 

availability of advanced molecular techniques has led to the discovery of more human-
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specific polyomaviruses. Many of the discovered human polyomaviruses were found in ill 

individuals but only a few of these polyomaviruses have yet been associated with diseases 

(DeCaprio and Garcea, 2013; zur Hausen and Simon, 2008; Peretti et al, 2015).  

These discoveries of new polyomaviruses were followed by a revision of the taxonomy 

of polyomaviridae by the International Committee on Taxonomy of Viruses. The 

polyomavirus family was further sub-classified to contain two mammalian genera: Ortho- 

and Wuki-polyomaviruses. The Orthopolyomavirus comprises two lineages and have JCV, 

BKV, HPyV10, HPyV9, MCV, and TSV as members while the members of 

Wukipolyomavirus are KI polyomavirus, WU polyomavirus, HPyV6, and HPyV7 (De 

Gascun and Carr, 2013; Bennett et al, 2012). A brief review of the human polyomaviruses 

and their associated diseases as enumerated subsequently will help to appreciate the growing 

concern underlying the incidences of these viruses in humans. A concern aggravated by the 

fact that no definitive cure has been found yet for the diseases associated with these viruses. 

 

1.1.1.1 JC Virus  

JCV was one of the earliest isolated human polyomaviruses. It has an average 

seroprevalence of 50-80% in the adult population worldwide (White et al, 2013; Stolt et al, 

2003; Lundstig and Dillner, 2006; Knowles et al, 2003; Kean et al, 2009; Padget et al, 

1971). JCV was named after the initials of the patient, from which it was first isolated 

(Padget et al, 1971).  JCV was isolated from cultures of human fetal glial cells inoculated 

with extracts obtained from the brain tissue of a patient suffering from chronic lymphocytic 

leukaemia and Hodgkin’s lymphoma, who also had progressive multifocal 

leukoencephalopathy (PML) as a complication (White et al, 2013; Engelhardt and Kappos, 

2008; Padget et al, 1971).  JCV is a member of the lineage I of the Orthopolyomavirus 

genus. The virus is the identified agent implicated in the etiology of PML. PML is a rarely 

occurring but highly intractable, demyelinating disease that affects the central nervous 

system and is characterized by the development of multiple white matter plaques in the brain 

stem, basal ganglia, thalamus, cerebral hemispheres, and cerebellum, in patients with 

immune-compromising conditions (De Gascun and Carr, 2013; White et al, 2013).  

JCV has seven clades numbered types 1 – 8 (clade 5 is a minor member of type 3) 

based on their sequence variations. Each type exhibits population peculiarities and 

differences in their potentials to lead to PML (De Gascun and Carr, 2013; Cubitt et al, 2001). 

The sequence variation information was utilized to delineate that type 6 is the original JCV 
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type found in African populations and has coevolved with humans and diverged as humans 

migrated out of Africa (Agostini et al, 1997; Ikegaya et al, 2005; Ryschkewitsch et al, 2000; 

Stoner et al, 2000; Cui et al, 2004; Jobes et al, 2001; Yanagihara et al, 2002). Type 5 was 

found to be a minor member of type 3, both of which are also associated with African 

populations (Cubitt et al, 2001; Pavesi, 2003). JCV types 1 and 4 are commonly associated 

with European populations whereas the types 2A, 2D and 7C are Asian-specific (De Gascun 

and Carr, 2013; Agostini et al, 1997; Pavesi, 2003; Yanagihara iet al, 2002). Type 8A is 

peculiar to Papua-New Guinea and also, in addition to types 2E and 8B, is associated with 

Western Pacific populations (Agostini et al, 1997; Ikegaya et al, 2005; Ryschkewitsch et al, 

2000; Cui et al, 2004; Jobes et al, 2001; Yanagihara et al, 2002). These JCV types differ in 

the predisposition of their host to the risk of PML. Type 2B, which has Asian and Euroasian 

association, predisposes its host more to the risk of PML whereas type 4 has lower risk of 

PML development in its host (De Gascun and Carr, 2013; Cubitt et al, 2001; Agostini et al, 

2000; Dubois et al, 2001).  

 

1.1.1.1.1 Reactivation of JCV in Humans 

Like other polyomaviruses, infection of JCV remains latent and can maintain lifelong 

persistence under immune-competent conditions but under immune suppression, JCV can 

become reactivated and then can cause PML. The immune suppressing conditions that have 

led to JCV reactivation and PML include lymphoproliferative disorders such as lymphocytic 

leukaemia, Hodgkin’s lymphoma, and non-Hodgkin’s lymphoma (Dalianis and Hirsch, 

2013; White and Khalili, 2011; De Gascun and Carr, 2013; Brooks and Walker, 1984; 

Monaco et al, 1996; Hou et al, 1988). The HIV/AIDS pandemic also increased the PML 

incidences but interestingly, the incidence of PML among HIV/AIDS patients has 

significantly decreased since the use of highly active anti-retroviral therapy (HAART) for 

the management of HIV/AIDS although the therapy does not directly affect the replication 

of JCV genome (Engelhardt and Kappos, 2008; De Gascun and Carr, 2013; Gillespie et al, 

1991; Martinez et al, 1995; Khanna et al, 2009).  

Immune modulators and monoclonal antibodies are increasingly used to treat humans 

with autoimmune diseases. However, the administration of such drugs as natalizumab 

(Tysabri), rituximab, efalizumab or Raptiva, infliximab, alemtuzumab, and brentuximab 

vedotin, among others has increased the incidence of PML, which has been reported as side 

effects of these drugs (reviewed in De Gascun and Carr, 2013; Bellizzi et al, 2013).  
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The first reported cases of drug-induced predisposition to PML were associated with 

natalizumab, which is a humanized monoclonal antibody used for the treatment of 

autoimmune diseases but mainly for treating multiple sclerosis (MS) and Crohn’s disease 

(Diotti et al, 2013; Zaheer et al, 2012; Hoepner et al, 2014; Yousry et al, 2006; Warnke et 

al, 2010; Fontoura, 2010). The antibody functions by binding to the α4 of the late antigen-

4 (VLA-4) also known as integrin, which is a dimer of α4/β1 and β7 chains (De Gascun and 

Carr, 2013; Engelhardt and Kappos, 2008; Bellizzi et al, 2013). The binding of the antibody 

to VLA-4 prevents VLA-4 from binding to its ligands, the vascular cell adhesion molecule 

(VCAM) (reviewed De Gascun and Carr, 2013). This consequently prevents cell migration 

and infiltration in immune signalling, inhibiting the mobilization of leukocytes to the 

inflammatory sites via the endothelial cells (extravasation of inflammatory T lymphocytes 

is inhibited) (De Gascun and Carr, 2013; Bellizzi et al, 2013; Bellizzi et al, 2012). The 

binding of the antibody also disrupts the attachment of developing B cells to VCAM causing 

an increase in CD34+ progenitor cells in the bone marrow and peripheral blood. These 

yields and increase in the level of the factors responsible for B cell differentiation, including 

Spi-β, in the peripheral blood (De Gascun and Carr, 2013; Jing et al, 2010; Lindberg et al, 

2008). Increase in CD34+ and B cells in peripheral blood is one effect of prolonged 

natalizumab administration. However, the prolonged antibody also results in a 0.4 % 

increase in incidences of PML (De Gascun and Carr, 2013; Lindberg et al, 2008).  

Rituximab is chimeric human-murine anti-CD20 monoclonal antibody used for the 

treatment of autoimmune vasculitis, systemic lupus erythematosus, leukocytopenia, 

rheumatoid arthritis, autoimmune pancytopenia, MS and neuromyelitis optica (Sikkema et 

al, 2013; Clifford et al, 2011; Tuccori et al, 2010; Zaheer et al, 2012; Keene et al, 2011; 

Carson et al, 2009; Hauser et al, 2008; Cree et al, 2005).  The antibody functions by binding 

to CD20 antigen receptors expressed on the surface of B cells and consequently down-

regulates B cell receptors (reviewed in De Gascun and Carr, 2013). This induces the 

cytotoxic apoptosis of CD20+ cells and results in reduction of CD20+ cells in the 

cerebrospinal fluid and blood periphery (Major, 2010; Reff et al, 1994; McLaughlin et al, 

1998 reviewed in De Gascun and Carr, 2013). The cells compensate for this reduction of 

CD20+ cells in the cerebrospinal fluid and blood periphery by mobilizing pre-B and B cells 

from the bone marrow and lymph nodes leading to increase in the level of CD34+ 

progenitors in the peripheral blood (Major, 2010; Reff et al, 1994; McLaughlin et al, 1998 

reviewed in De Gascun and Carr, 2013). Rituximab comes with a warning from the FDA, 

of a possible incidence of PML although the occurrence of PML may not be decisively 

attributed to the drug since most of the patients treated with the drug have underlying 
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lymphoproliferative disorders with high predispositions to PML complication even without 

treatment with Rituximab (Zaheer et al, 2012; Keene et al, 2011). It is worth to mention that 

even after the withdrawal of Rituximab, the patients are still in danger of PML 

complications six months post-Rituximab withdrawal (Zaheer et al, 2012; Keene et al, 

2011).  

Efalizumab or Raptiva is a humanized monoclonal anti-CD11a antibody used for 

treatment of mild and severe psoriasis. The antibody functions by binding to the α chain of 

CD11a to induce conformational changes in lymphocyte-function-associated antigen 1 

(LFA-1), which consequently prevents the binding of T cells to endothelial molecules and 

passage of T-lymphocytes from circulation to sites of inflammation (Schwab et al, 2012; 

Zaheer et al, 2012; Gurcan et al, 2009). Efalixumab also functions to block activation of 

naïve T cells in lymph nodes as well as to inhibit the reactivation of memory T cells in 

response to antigens (Zaheer et al, 2012; Keene et al, 2011). Although Efalizumab and 

Natalizumab function through the same mechanism, the impairment of immune response 

through the inhibition of migration of T-cells in the CNS, the two drugs exhibit different 

propensities to PML and also lead to the development of PML through different but yet to 

be identified mechanisms (Zaheer et al, 2012; Keene et al, 2011). Importantly, Efalizumab 

showed high predispositions to PML during a consecutive long-term administration. Out of 

about 6000 patients treated with the drug before its withdrawal from the US and European 

markets, 3 out of 166 patients treated with the drug for 3 years developed PML whereas 

patients, who received the drug for periods ranging from 3 months to 2 years did not develop 

PML (Schwab et al, 2012; Zaheer et al, 2012; Gurcan et al, 2009).  

Other biologics that have not demonstrated any recorded and confirmed risk of PML 

but have been approved for treatment of different lymphoproliferative and autoimmune 

disorders are:  

- Infliximab is a chimeric monoclonal antibody against tumor necrosis factor α (TNFα) 

that functions by decreasing TNFα and subsequently reduces interleukin-6 and interleukin-

1 with an inhibition of inflammation. The antibody is approved for the treatment of 

psoriasis, psoriatic arthritis, Crohn’s disease, ulcerative colitis, and ankylosing spondylitis. 

There has been one reported case of PML in RA (rheumatoid arthritis) patient with 3 years 

of treatment with Infliximab, methotrexate and steroids but it has not yet been confirmed if 

the drug is the cause (Zaheer et al, 2012; Major et al, 1992; Epker et al, 2009; Ferenczy et 

al, 2012; Gjoeru and Chang, 2010; Arkema et al, 2012; Bloomgren et al, 2012).  
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- Alemtuzumab is a humanized monoclonal antibody against CD52, a ubiquitous 

glycoprotein present in 95 % of T- and B-cells and functions to deplete T cells and B cells 

(Zaheer et al, 2012; Keene et al, 2011). The effects of the antibody persist even after its 

withdrawal as B cells recovery takes up to 15 months while T cells remain depleted for up 

to 61 months. Until now only 3 cases of PML have been reported with two cases in patients 

with lymphoproliferative and one case in lung transplant recipient, who were treated with 

Alemtuzumab in conjunction with other drugs (Zaheer et al, 2012; Keene et al, 2011).  

- Brentuximab vedotin is a recently approved chimeric anti-CD30 monoclonal antibody 

conjugated with monomethyl auristatin E, an antimitotic agent. The drug has been used for 

the treatment of refractory Hodgkin’s lymphoma and relapsed or refractory systemic 

anaplastic large cell lymphoma. The drug functions through decreasing CNS immuno-

surveillance by impairing T-cell function and inducing NFκβ pathway, which may lead to 

JCV reactivation (Zaheer et al, 2012; Keene et al, 2011). The agent has not been implicated 

in PML development but because of the fact that its functions lead to immune compromise, 

it is reasonable to be wary of the possibility of the drug causing PML, although this is yet 

to be reported.   

 

1.1.1.2 BK Virus 

BK virus (BKV) is a ubiquitous polyomavirus discovered at about the same time as 

JCV and its name was coined from the initials of the Sudanese patient, from whom the virus 

was first isolated (Gardner et al, 1971). The patient had a renal failure and stenosis of the 

ureter after receiving a kidney transplant (Gardner et al, 1971; reviewed in De Gascun and 

Carr, 2013; Bennett et al, 2012; Van Aalderen et al, 2012). BKV is a member of the lineage 

I of the Orthopolyomavirus genus. It establishes latent infection and is implicated in the 

etiology of polyomavirus-associated diseases in solid organ or stem cell transplant 

recipients under immuno-compromised conditions (De Gascun and Carr, 2013; Van 

Aalderen et al, 2012). Children are predisposed to subclinical exposure to BKV early in life. 

An exposure thought to occur through the respiratory and faeco-oral-urinary routes as viral 

DNA has been found in the tissues of the tonsils of children with tonsillitis (De Gascun and 

Carr, 2013; Bennett et al, 2012; Dalianis and Hirsch, 2013). BKV’s seroprevalance 

increases with age, exhibiting a seroprevalence of up to 50% in children of 2 years of age 

and reaches up to more than 90% in 10 years old children (Dalianis and Hirsch, 2013; De 

Gascun and Carr, 2013; Antonsson et al, 2010; Bennett et al, 2012; Goudsmit et al, 1982; 

Knowles, 2006). Hence, BKV has 50%-90% seroprevalence among healthy adult 
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population worldwide but does not present any symptoms until the immune system is 

compromised (reviewed in De Gascun and Carr, 2013; Antonsson et al, 2010).  

BKV is grouped into four distinct genotypes (type I, II, III, IV,) based on the genetic 

heterogeneity that exists within the N-terminal residues 61–83 of the viral capsid protein 

VP1 and each subtype exhibits a geographical focus (De Gascun and Carr, 2013; Yogo et 

al, 2009; Jin et al 1993a; Jin et al, 1993b; Antonsson et al, 2010; Bennett et al, 2012). BKV 

genotype I is the most widely distributed among the global population whereas genotype IV 

is found among East-Asian and European populations. The information of the geographical 

distribution of genotypes II and III are rarely available (De Gascun and Carr, 2013; Yogo et 

al, 2009). Subgroup Ia is thought to be the ancestral BKV that coevolved with humans and 

is associated with humans that migrated out of Africa (De Gascun and Carr, 2013; Yogo et 

al, 200). Subgroups Ib1 and Ib2 respectively are significantly predominant among 

European, South-east and West Asian populations whereas the subgroup I1c is prevalent in 

North-east Asian population (De Gascun and Carr, 2013; Yogo et al, 2009; Ikegaya et al, 

2006; Zheng et al, 2007). The subgroups of subtype IV are found in Asian and European 

populations with IVa1, IVa2, IVc1, IVb1 and IVb2 being exclusively in Asia and IVc2 is 

found in both North-east Asia and Europe (De Gascun and Carr, 2013; Nishimoto et al, 

2006).  

 

1.1.1.2.1 Disease Association of BKV 

As mentioned before, BKV infection like the infections of other disease-associated 

human polyomaviruses remains latent and asymptomatic in immune competent hosts, but 

with the reduction of immune competency, BKV has been implicated in the etiology of 

polyomavirus-associated nephropathy (PVAN) in renal transplant recipients, ureteral 

stenosis in renal transplant recipients, hemorrhagic cystitis in stem cell transplant recipients, 

and other diseases (De Gascun and Carr, 2013; Bennett et al, 2012; Dalianis and Hirsch, 

2013; Rinaldo et al, 2013). 

1.1.1.2.1.1 Polyomavirus-Associated Nephropathy  

PVAN is a BKV-associated disease that affects about 10% of kidney transplant 

recipients 1 to 2 years post-transplantation and causing 15-50% graft failure in the affected 

patients (De Gascun and Carr, 2013; Hariharan, 2006; Jacobi et al, 2013; Bennett et al, 

2012; Comoli et al, 2013; Saad et al, 2008). Although PVAN is associated with solid organ 
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transplants, it is restricted to only kidney transplant as it is rarely reported in other solid 

organ transplant recipients. The predisposition of renal allograft recipients to the risk of 

developing PVAN is aggravated by diverse risk factors such as age, gender, seroneg-

ative/seropositive status of the recipients/donors, history of PVAN, extent of HLA-

mismatch, mutation in the VP1 protein, and the type and doses in immunosuppressive 

therapies (Rinaldo et al, 2013; Hirsch et al, 2002, 2013; Nickeleit et al, 1999; Funk et al, 

2008). The disease progression is always preceded by high levels of replication of BK viral 

genome in the epithelial cells of the transplanted kidney’s renal tubule, which is 

subsequently shuttled to the urothelial cells as speculated by mathematical modelling and 

proved through data obtained from histopathological analyses of the urothelial cells 

(Rinaldo et al, 2013; Hirsch et al, 2013; Brennan et al, 2013; Nickeleit et al, 1999; Funk et 

al, 2008; De Gascun and Carr, 2013; Comoli et al, 2013). Onset PVAN is characterized by 

the invasion and replication of BKV in the renal tubule, which causes high serum creatinine 

levels and shedding of the virus in the urine (reviewed in De Gascun and Carr, 2013). As 

the disease progresses, the symptoms deteriorate to lytic denudation of epithelial cells of the 

renal tubule, accumulation of fluid in the interstitial tubular compartment and inflammation 

of interstitial nephropathy (Nickeleit et al, 1999; reviewed in De Gascun and Carr, 2013). 

The deterioration of the disease results in leaking of virus to the tissues and blood stream 

causing tubular fibrosis and atrophy that results in impaired functions and graft loss 

(Nickeleit et al, 1999; reviewed in De Gascun and Carr, 2013; Bennett et al, 2012; Boothpur 

and Brennan, 2010; Rinaldo et al, 2013). PVAN can be diagnosed through PCR-quantitation 

of urinary and plasma viral loads using viral DNA or VP1 mRNA.  The plasma quantitation 

of viral load is chosen as a more standardized diagnostic method and 7000-10,000 plasma 

viral copies/ml is adopted as PVAN viral load threshold as opposed to the urinary 

quantitation, which has no standardized accurate predictive viral load threshold (Hariharan, 

2006; Hirsch et al, 2002; Hariharan, 2006; Dall and Hariharan, 2008; Hussain et al 2002; 

Koch et al, 2007).  

Although different treatment approaches such as the use of anti-viral drugs and 

monoclonal antibodies have been proposed, the withdrawal or reduction of dose of immune 

suppressants administered to the patients is a very effective treatment but this consequently 

contributes to increase in graft rejection (Hariharan, 2006; Dall and Hariharan, 2008; 

Hussain et al 2002; Koch et al, 2007). The anti-viral drug cidofovir, a nucleotide analog, 

has been used to treat PVAN in patients but the drug exerted nephrotoxic side effects and it 

is difficult to establish the efficacy of the drug especially since the drug was adminstrered 
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in conjunction with a reduction of immune suppressant in patients (Hariharan, 2006; Dall 

and Hariharan, 2008; Kadambi et al, 2003; Shapiro et al, 2003; Kuypers et al, 2005). 

 

1.1.1.2.1.2 Polyomavirus-Associated Hemorrhagic Cystitis  

Hemorrhagic cystitis (HC) is a hemorrhagic disease of the urinary tract, which affects 

Hematopoietic Stem Cell Transplant or Bone Marrow Transplant (HSCT or BMT) 

recipients. It is important to note that HC onset can be pre- or post-transplantation (Bennett 

et al, 2012). The disease presents different symptoms, which include clogging of the urinary 

tract, dysuria, hematuria, and renal failure (Bennett et al, 2012; Dropulic and Jones, 2008; 

De Gascun and Carr, 2013; O’Donnel et al, 2009; Jiang et al, 2009; Rinaldo et al, 2013). 

Depending on the severity of symptoms, HC can be graded from grade 1 to grade 4; with 

grade 1 being characterized by symptoms such as microscopic hematuria, whereas grade 2 

shows macroscopic hematuria, grade 3 patients manifest small clots in addition to 

macroscopic hematuria, and at grade 4 patient symptoms include profuse hematuria and 

clots-induced urinary tract obstruction (Bennett et al, 2012; Dropulic and Jones, 2008).  

BKV causes 10 - 29% of HC in HSCT recipients and the disease onset is usually from 

10 to 50 days post-transplantation. The start of HC is preceded by BKV reactivation in the 

uroepithelial cells (Dropulic and Jones, 2008; Wong et al, 2007; Jiang et al, 2009; Bennett 

et al, 2012; De Gascun and Carr, 2013). The BK virus levels in the blood correlate well with 

HC development: plasma viral loads of 104 copies/ml or more have been detected in 63% 

of patients in comparison to 67% of patients show high BK viraemia prior to the onset of 

clinical HC (De Gascun and Carr, 2013; Erard et al, 2005; Jiang et al, 2009). Diagnosis 

takes place by PCR detection of BKV DNA in the urine or serum. The disease progression 

can cause many discomforting pains but mortality by HC is rarely reported. As with other 

polyomavirus-associated diseases, no definitive cure is known for HC hitherto and the 

effective treatment is management and monitoring to make sure that during conditioning, 

that any suspected case of early onset HC is treated diuretically before engraftment while 

efforts are intensified to find a definitive cure. 

 

1.1.1.2.1.3 Ureteric Stenosis and other BKV-Associated Diseases 

Ureteric stenosis is a disease of both adult and children that affects 2 – 6% of renal 

transplant recipients. The disease is characterized by damage to ureteric epithelium causes 
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the replacement of the ureteric epithelium with granulation tissue (Gardner et al, 1984; 

Mackenzie et al, 1978; Hwang et al, 2013; Khan et al, 2011; Coleman et al, 1978; Chang 

et al, 2005; Rajpoot et al, 2007; Geddes et al, 2011). The disease onset is marked by 

detection of virons and apoptosis of the smooth muscles of the ureteric epithelium and 

correlates with high viraemia (Van Aalderen et al, 2012, 2013). The disease is thought to 

have been caused by the use of ureteral stents, steroids and crude surgical techniques in 

transplantation and consequently has shown decline in reported cases as better surgical 

techniques and decline in use of stents and steroids have been in practice (Van Aalderen et 

al, 2012, 2013).  

Other BKV-associated diseases have been reported in immunocompromised patients. 

They are rare events and include several diseases such as meningoencephalitis, interstitial 

pneumonia, systemic vasculopathy, organ failure and BKV-associated PML (Rinaldo et al, 

2013; Vallbracht et al, 1993; Petrogiannis-Haliotis, et al, 2001; Hirsch and Steiger, 2003; 

Medeiros et al, 2011; Hix et al, 2004; Daveson et al, 2013).  

 

1.1.1.3 Trichodysplasia Spinulosa Virus  

Trichodysplasia Spinulosa Virus (TSV) was the 8th human polyomavirus to be 

discovered. Prior to its discovery as the etiologic agent of TS (Trichodysplasia Spinulosa), 

Haycox and coworkers reported that the rare skin disease, which affects immuno-

compromised individuals and is characterized by the presence of facial papules and spines, 

in addition to alopecia of the eye lashes and brows, could be caused by a virus as they 

demonstrated the intracellular presence of viral particles in cell derived from the skin of TS 

patient (Haycox et al, 1999; Van Der Meijden et al, 2010; Matthew et al, 2010; Heaphy Jr 

et al, 2004; Lee et al, 2008; De Gascun and Carr, 2013; Dalianis and Hirsch, 2013). The 

virus was isolated from a heart transplant recipient, who was treated with a regimen of 

tacrolimus, mycopheolate, mofetil, and prednisolone. The patient, who was coincidentally 

treated with Rituximab a year before the transplantation, showed symptoms of TS 18 

months post transplantation (De Gascun and Carr, 2013; Van Der Meijden et al 2010). The 

virus isolation was done using rolling circle amplification of DNA extracted from plucked 

spicules of the TS patient using bacteriophage 29 DNA polymerase and was later 

confirmed by another report as being responsible for TSV (De Gascun and Carr, 2013; 

Dalianis and Hirsch, 2013; Van Der Meijden et al, 2010 and Matthew et al, 2010). In age-

specific seroprevalence studies in human populations, TSV was reported to have widespread 
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infection among different age groups with 40 – 70% seroprevalence in children before the 

age of 10 and 70 – 80% in adults. These data suggest that primary exposure occurs during 

early childhood to establish latency whereas adult acquisition of the virus takes place 

relatively rarely. This is supported by the failure to detect any active infections when large 

hospitalised elderly human populations were investigated and also by the decline of anti-

TSV specific antibody with age (De Gascun and Carr, 2013; Van Der Meijden et al, 2010, 

2011; Nicol et al, 2013; Chen et al, 2011; Sadeghiet al, 2012). Hence, TSV like BKV and 

JCV establishes a persistent infection at subclinical levels in early childhood and does not 

replicate in immuno-competent adults, but the virus becomes reactivated when the immune 

system of the host is compromised (De Gascun and Carr, 2013). 

 

1.1.1.3.1 TSV-Associated Diseases 

TSV is the etiologic agent implicated in the rare skin disease, Trichodysplasia spinulosa 

(TS). The disease is characterized by the presence of facial papules and spines in addition 

to alopecia of the eye lashes and brows, epidermal acanthosis and enlargement of hair 

follicles with proliferating cells. The disease affects immuno-compromised patients 

including those that received solid organ transplant and those with hematological disorders, 

who have been give chemotherapies (Kazem et al, 2013; Brimhall ansd Malone, 2012; 

Chastain and Millikan, 2000; Osswald et al, 2007; Sadler et al, 2007; Schwieger-Brie et al, 

2010 Sperling et al, 2004; Wyatt et al, 2005). The disease affects 0.0001% of immuno 

compromised individuals and can be diagnosed by observation of the obvious changes to 

the skin of the face in addition to detection of high viral titres >106 copies/cells in the skin 

(De Gascun and Carr, 2013; Van Der Meijden et al, 2010; kazem et al, 2012). To date, no 

effective treatment has been found for TS and the disease is only managed by withdrawal 

of immune compromising conditions in addition to administration of cidofovir, effects of 

which are difficult to quantify. 

 

1.1.1.4 Merkel Cell Carcinoma Virus  

Merkel cell carcinoma virus (MCV) was discovered in 2008 by Feng and co-workers 

using a “digital transcriptome subtraction” method, in which cDNA libraries made from 

transcripts of Merkel cell carcinoma were subjected to pyrosequencing and 

bioinformatically subtracted human sequences (Feng et al, 2008). This bioinformatics 
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approach yielded novel or non-human sequences, which were then aligned using BLAST. 

Interestingly some of these genes found shared homology with TAgs of polyomaviruses and 

the virus was named MCV (Feng et al, 2008). MCV is the only polyomavirus that has been 

directly associated with carcinomas in human. The viral DNA gets clonally integrated into 

the human genome, which results in abolishing viral DNA replication. The viral TAg retains 

its pRb tumor suppressor protein interacting motif and is the etiologic agent in Merckel Cell 

Carcinoma, which is predominantly found in immunocompromised elderly patients (Feng 

et al, 2008; De Gascun and Carr, 2013; Dalianis and Hirsch, 2013; DeCaprio and Garcea, 

2013). The precise route of entry and the mode of infection by MCV, like for other 

polyomaviruses, is poorly understood but the virus is shed in encapsidated virons 

predominantly on the skin, fuelling speculation of cutaneous and respiratory acquisition 

routes (De Gascun and Carr, 2013; Schowalter et al, 2010). Serological study of the 

prevalence of MCV suggests that the virus is spread worldwide with exposure and infections 

occurring early in childhood with 10% seroprevalence in children and 60 – 80% 

seroprevalance in adults (De Gascun and Carr, 2013; Nicol et al, 2013; Tolstov et al, 2009, 

2011). 

 

1.1.1.4.1 Disease Association of MCV 

MCV is the virus associated with Merkel Cell Carcinoma, MCC, a rarely occurring but 

aggressive and high mortality prone primary neuroendocrine cutaneous tumor that affects 

mostly elderly immunocompromised patients over 50 years and with males being more 

predisposed than females (De Gascun and Carr, 2013; Houben et al, 2015; Spurgeon and 

Lambert, 2013). The conclusion that MCV is the etiologic agent for MCC is supported by 

the fact that the virus exists in high titres in more than 80% of MCC patients while on the 

other hand MCV was not detected or only detected at low titres in a large number of other 

tumors (Pastrana et al., 2009; Kassem et al. 2009; Giraud et al., 2008b, 2009; Wieland et 

al., 2009, 2012; Wetzels et al., 2009; Bluemn et al., 2009; Sastre-Garau et al., 2009).  

 

1.1.1.5 Other Human Polyomaviruses 

Other human polyomaviruses have been discovered in healthy individuals and do not 

have any reported diseases associated to them so far. These viruses include: Karolinska 

Institute polyomavirus (KIPyV) which was discovered in 2007 when nasopharyngeal 

aspirates (NPA) from children with respiratory tract infections were subjected to “molecular 
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screening” for viruses and subsequently named after the institute (Dalianis and Hirsch, 

2013; Allander et al, 2007). KIPyV exhibits worldwide distribution with exposure and 

infection in early childhood demonstrating 44.6% seroprevalence in children 1 – 5 years 

and 60.9% in children 10 – 15 years while 55% population of healthy adults showed KIPyV 

seropositivity, yet the virus is not implicated in the pathology of any known disease so far.  

The Washington University polyomavirus (WUPyV), named after the university at 

which it was discovered in 2007 from the NPA of a 3-year old child with pneumonia. For 

its discovery total extracted nucleic acid was sequenced and subjected to a bioinformatic 

screening which detected sequences with homology to JCV, BKV, SV40 and to the VP1 

and 2 of KIPyV (Dalianis and Hirsch, 2013; Gaynor et al, 2007). Seroprevalence studies of 

the virus indicated a worldwide distribution of the virus with early childhood exposure and 

infection. There was an about 44.6% seroprevalence in children 1 – 5 years which increased 

to 59.9% in 10 – 15 year olds and peaking at 70.9% seroprevalence in healthy adults (De 

Gascun and Carr, 2013; Kean et al, 2009). Similar to KIPyV, WUPyV has not yet been 

implicated in the pathology of any diseases (Babakir et al, 2011).  

Human polyomaviruses 6 and 7 (HPyV6 and HPyV7) were discovered in 2010 by 

Schowalter and colleagues in a random study of healthy volunteers.  In their study that was 

aimed at detecting MCV from the skin of the foreheads of these individuals, they used 

rolling circle amplification to amplify DNA extracted from the skin specimens and 

subsequently subjected the amplicons to exodeoxyribonuclease V digestion and 

bioinformatics analyses (Schowalter et al., 2010). In addition to detecting MCV in some of 

the patients, they also reported two novel polyomaviruses designated HPyV6 and HPyV7, 

which share 68% homology (Dalianis and Hirsch, 2013; Schowalter et al 2010; Johne et al 

2009). Seroprevalence studies have indicated that HPyV6 and 7 show high seroprevalence 

throughout life, peaking at 98.2% for HPyV6 and 85.7% for HPyV7 in adults (De Gascun 

and Carr, 2013; Nicol et al, 2013; Pastrana et al., 2009; Tolstov et al., 2009; Schowalter et 

al., 2010). Both polyomaviruses have yet not been found to be clearly associated with any 

diseases although they are detected in nasopharyngeal, urinary, faecal swabs and in organ 

transplant recipients (De Gascun and Carr, 2013; Siebrasseet al, 2012). Interestingly recent 

reports have detected HPyV6 and HPyV7 in addition to MCV and HPV in melanoma 

patients treated with the BRAF inhibitor vemurafenib (Dalianis and Hirsch, 2013; De 

Gascun and Carr, 2013; Kean et al, 2009; Norja et al, 2007; van de Pol et al, 2009; Schrama 

et al, 2014; van der Meijden et al, 2015). HPyV7 has also been implicated in the etiology 

of pruritic brown plaques (Ho et al, 2015). The disease is characterized by the presence of 
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distinctive epidermal hyperplasia, polyomavirus-filled keratinocytes and detectable level of 

HPyV7-encapsidated-DNA in the skin and peripheral blood specimens (Ho et al, 2015). 

The disease is described in two lung transplant recipients on immune suppressive therapies 

(Ho et al, 2015). Recent studies have also reported the detection and possibly the linkage of 

HPyV7 in the thymic epithelial tumors (Rennspies et al, 2015). Although these reports 

suggested that HPyV7 was responsible for the diseases in the afromentioned patients, the 

mechanism through which the reactivation of the virus causes these diseases is yet to be 

established as more reports on the implication of HPyV7 in these diseases are awaited (Ho 

et al, 2015; Rennspies et al, 2015). 

Human polyomavirus 9 (HPyV9) was discovered in 2011 in the serum of a renal 

transplant recipient during a study which was aimed at screening 597 different clinical 

samples (specimens) from cohorts of immunocompromised individuals (Scuda et al., 2011). 

The study employed degenerate deoxyinosine-substituted-PCR primers to amplify VP1 

regions of known human polyomaviruses. The BLAST analysis of the amplicons detected 

the VP1 of BKV, JCV, TSV and MCV, in addition to a novel sequence, named HPyV9, that 

was amplified from the serum of an immunocompromised renal transplant patient (Scuda et 

al, 2011; Dalianis and Hirsch, 2013; De Gascun and Carr, 2013).  Seroprevalence studies 

revealed a life-long infection by the polyomavirus, which started early in childhood, with 

10% of children infected by 1 – 7 years of age and peaking at 70% in adults 80 years and 

above (Nicol et al, 2012; Trusch et al, 2012). Hitherto, pathological studies of HPyV9 have 

detected the virus in different samples of immunocompromised individuals such as renal, 

hepatic and HSCT recipients and in pregnant and nonpregnant females, but such studies 

have failed to implicate the virus in the etiology of any diseases so far (De Gascun and Carr, 

2013; Siebrasseet al, 2012). 

Malawi polyomavirus (MWPyV) was discovered in 2012 when DNA extracted from 

virus-like particle obtained from the stool of a healthy Malawian child was subjected to 

shotgun sequencing. The subsequent alignment of sequences identified a novel 

polyomavirus named MWPyV (Siebrasse et al. 2012). At about the same time, rolling circle 

amplification of DNA extracted from the skin specimens of a patient with warts, 

hypoglobulinemia, infections and myeloathexis (WHIM) syndrome, was used to identify a 

novel polyomavirus named HPyV10 (for human polyomavirus 10). Comparative analyses 

showed that HPyV10 had 95 – 99% sequence identity with MWPyV leading to the 

conclusion that both are different strains of same polyomavirus species (Siebrasse et al. 

2012; Buck et al., 2012; De Gascun and Carr, 2013). Also in an unrelated study, researchers 
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used unbiased deep sequencing of DNA extracts from stool samples of a Mexican child with 

diarrhoea to identify a novel polyomavirus sequences named MXPyV after the country it 

was first isolated. Comparative sequence analyses showed that MXPyV shares 99.8% and 

99.7% sequence identities to MWPyV and HPyV10, respectively, hence a third strain of the 

same virus species was identified (De Gascun and Carr, 2013; Dalianis and Hirsch, 2013; 

Yu et al., 2012). These viruses have not yet been associated with any diseases although 

some of them were isolated from individuals with diseases that are likely due to other causes 

(De Gascun and Carr, 2013; Dalianis and Hirsch, 2013). Recently reported is the isolation 

of a polyomavirus named New Jersey polyomavirus (NJPyV), after the State New Jersey 

(USA), in which the patient lived. The patient was a 33-year old female pancreatic transplant 

recipient, who had complications of severe weakness, retinal blindness, myopathic 

vasuclitis, and scalp-, hand-, and facial-necrotic plaques (Mishra et al, 2014). The virus 

shares 80.7% nucleotide homology to chimpanzee polyomavirus (Mishra et al, 2014). This 

report describes the detection of high viral loads in the muscle and skin tissue specimens. 

In addition, it was stated that the virus is mainly found in vascular endothelial cells and that 

the symptoms reported for the patient is possibly due to reactivation of the virus. However, 

more cases need be reported before the involvement of NJPyV as the etiological agent for 

a disease is established (Mishra et al, 2014). 
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1.1.1.6 Representation of Selected Human Polyomaviruses 

Virus Host Seropre-

valance (%) 

Tropism Diseases 

BKV Human 70 - 90 Kidney, Respiratory 

system 

Hemorrhagic Cystitis (HC), 

Polyomavirus-Associated 

Nephrophaty (PVAN) and Ureteric 

Stenosis 

JCV Human 50–60 Kidney, Respiratory 

system and Brain 

Progressive Multifocal 

Leukoencephalopathy (PML) 

MCV Human 60–80 Skin Merkel Cell Carcinoma (MCC) 

TSV Human 70–80 Skin Trichodysplasia Spinulosa 

KIPyV  Human 45–60  Respiratory system NDA 

WUPyV  45–70 Respiratory system NDA 

HPyV6  70 – 98  Skin  NDA 

HPyV7  70 – 85  Skin  Pruritic brown plaque and thymic 

epithelial tumors 

HPyV9  10 – 70  Kidney, Liver NDA 

HPyV10 Human N/A  NDA 

MWPyV Human N/A  NDA 

NJPyV Human N/A Muscle, Skin Myopathic vasculitis, hand-, 

facial-, and scalp-necrotic plaques 

 

Table 1.  Tabular representation of some of the known human polyomaviruses, showing their 

seroprevalence, affected organs and their associated diseases when applicable. BKV stands for BK 

polyomavirus, MCV for Merkel Cell Polyomavirus, JCV for John Cunningham virus, TSV for       

Trichodysplasia spinulosa-associated Virus, KIPyV for Karolinska Institute polyomavirus, WUPyV 

for Washington University polyomavirus and MWPyV and MXPyV for Malawi and Mexican 

polyomavirus. (HPyV6, 7, 9 and 10) stand for Human polyomaviruses 6, 7, 9 and 10 and NJPyV 

stands for New Jersey polyomavirus. N/A stands for not available and NDA for no disease 

association yet. (Table was established by the author based on information collated from different 

literatures previously referenced in the text). 
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1.1.2 Structure, Genome Architecture, Transcriptome and Proteome of 

Polyomaviruses 

 

1.1.2.1. Polyomavirus Structure 

Polyomaviruses are non-enveloped double-stranded circular DNA viruses (De Gascun 

and Carr, 2013). The genome size of human polyomaviruses ranges from 4927 – 5300 base 

pairs. Studies, mainly investigating SV40 and MPyV, have elucidated that the DNA is 

packaged into minichromosomes by the host histones H2A, H2B, H3 and H4, in -a manner 

similar to the host chromosomes differing only in the absence of linker histone, H1, in the 

viral minichromosomes (Kasamatsu and Nakanishi, 1998). These minichromosomes are 

linked together to form icosahedrally shaped virions of between 45-50 nm through the 

interactions of the virally encoded capsid proteins (Gjoerup and Chang, 2010; Kasamatsu 

and Nakanishi, 1998; Stehle et al, 1994, 1996a, 1996b). Indepth structural analyses studies 

elucidated that the capsid proteins contain a total of 72 capsomeres (its structural subunits 

consisting of exteriorly located VP1 pentamers and interiorly located VP2/VP3 monomer 

(reviewed Kasamatsu and Nakanishi, 1998). The 72 capsomeres consist of 12 pentavalent 

and 60 hexavalent capsomers that interact with the host histones to package the viral genome 

(Stehle et al., 1994, 1996a, 1996b; Das and Imperiale, 2009). 

 

1.1.2.2 Polyomavirus Genome Architecture, Transcriptome and Proteome  

The genome of polyomavirus is divided into two coding regions and a non-coding control 

region (NCCR) (De Gascun and Carr, 2013). The coding regions are subdivided into early 

and late coding regions. The ‘early region’ is positioned on the left side of the NCCR while 

the late region is on the right side of the NCCR of the circular viral DNA (Figure 1.1). Thus, 

the NCCR is sandwiched in between the early and late coding regions (Figure 1.1). The 

early region encodes proteins that the virus expresses prior to viral DNA replication and the 

transcripts of this region are need for the induction of transcription of the late region (An et 

al, 2012). In all polyomaviruses, the early region encodes two major proteins, which are the 

large tumor antigen (TAg) and small tumor antigens (tAg). They are products of a single 

transcript that is alternatively spliced (An et al, 2012).  In addition to the large TAg and the 

small tAg, some polyomaviruses’ early regions encode others proteins such as middle tumor 

antigen, mTAg, and tiny t, (murine polyomavirus), 17KT (JCV), and ALTO (MCV and 

TSV), among others. All of them are products of the same transcript that has been 
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alternatively spliced (Stehle et al. 1994, 1996a, 1996b; Das and Imperiale, 2009; Carter et 

al, 2013; van der Meijden et al, 2015). The late region encodes the viral late proteins, which 

are expressed post viral DNA replication. They mainly encode for capsid proteins VP1, 

VP2, and VP3, all of which are produced from one transcript that is spliced alternatively 

(Dalianis and Hirsch, 2013).  

The transcript of the late region can also be additionally alternatively spliced to produce the 

mRNA encoding agnoproteins of some rodent and human polyomaviruses. The functions 

of agnoproteins are still not yet fully understood but it is thought that they function in viral 

DNA replication as well as in gene expression, assembly of capsid proteins and regulation 

of host cellular processes of DNA repair and cell cycle progression (Dalianis and Hirsch, 

2013).  

 

 

 

 

 

 

 

Figure 1.1. Schematic Representation of the Polyomavirus Genome.  

The early region (ER) encodes the early transcript, which is spliced alternatively to give rise 

to large T Antigen (TAg) and small t Antigen (tAg), which both are essential for the in vivo 

replication of the genome in all the polyomaviruses. The ER also give rise to other transcripts. 

Their functions are yet to be understood, including 17KT in JCV and ALTO in MCV and 

TSV. The late region encodes for the capsid proteins VP1, VP2, and VP3 in all the 

polyomaviruses and additionally agnoprotein (Agno) in some rodent and human 

polyomaviruses. The non-coding control region (NCCR) harbours the origin of replication, 

the promoters and enhancers for the control of viral transcription. Figure was drawn by the 

author using information collated from (Mishra et al, 2014 and refernces therein).  
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The NCCR harbours the replication origin, transcriptional promoters and enhancers, 

including six tandem SP1 binding sites, and virion assembly-signalling sequences and as 

such controls viral DNA replication, expression of the late and early genes and virion 

assembly (An et al, 2012; Fanning and Knippers 1992; Gordon-Shaag et al. 2002; Das and 

Imperiale, 2009) (see figure 1.1). The coding regions are the most conserved regions within 

and among polyomavirus species and, most of the encoded transcripts are essential for the 

various biological processes of polyomaviruses in permissive hosts. The late coding region 

encodes capsid proteins, which are dispensable in viral DNA replication but are essential 

for the assembly and survival of the virus in the host. Because of the dispensability of this 

region in polyomavirus DNA replication, discussion of this region is not dealt with in details 

here but published reviews have detailed discussions on the transcripts of this region 

(Dalianis and Hirsch, 2013; Kasamatsu and Nakanishi, 1998). Of the early transcripts, TAg 

is required for the replication of the viral genome in vitro and in vivo while the small tAg is 

required for in vivo replication of the viral genome but dispensable in viral DNA replication 

in vitro. These two proteins are the only virally encoded proteins required for replication of 

the viral genome in vivo while the other replication factors are host derived (Bullock and 

Simmons, 1997; Tegtmeyer, 1972; Tooze, 1981; Damania and Pipas, 2009). Hence my 

discussion of the products of the early transcripts will focus on the large TAg. 

 

1.1.2.2.1 The Large Tumor Antigen  

The large tumor antigen (TAg) is a multifunctional nuclear phosphoprotein encoded by 

all polyomaviruses (An et al, 2012). TAg is essential for the replication of the viral genome 

in vivo and in vitro, and is central for regulation of expression of genes of the permissive 

hosts including host cellular transformation (An et al, 2012). The TAgs of all 

polyomaviruses possess four discrete and well conserved domains, through which it 

mediates its biological functions of DNA binding, viral origin DNA recognition, ATP 

hydrolysis, DNA duplex unwinding, and interactions with host cellular proteins and factors 

(An et al, 2012; Hassel and Brinton, 1996) (see Figure 1.2). The four well defined and 

functionally conserved domains of TAg include the N-terminally located J-domain (J-D), 

the origin binding domain (OBD), zinc- (Zn2+) binding domain, and ATPase domain at the 

C-terminus (An et al, 2012; Hassel and Brinton, 1996) (see Figure 1.2). The J-domain 

located at the N-terminus is dispensable for the function of TAg in DNA replication in vitro 

but is required for the propagation of the virus in vivo (An et al, 2012 for reviews). The J 

domain participates in the in vivo replication of the viral genome by acting as DnaJ 
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molecular chaperone to clear cellular replication inhibitors in vivo (An et al, 2012; Hassel 

and Brinton, 1996). Those cellular inhibitors are absent in in vitro systems hence, the 

dispensability of the J-domain in in vitro replication of the viral DNA (An et al, 2012; 

Collins and Pipas, 1995; Peden and Pipas, 1992; Srinivasan, et al, 1997). The J-domain also 

functions in releasing E2F transcription factors from retinoblastoma (Rb) proteins and p130 

from the p130-E2F4 repressive complex (An et al, 2012; Hassel and Brinton, 1996; Collins 

and Pipas, 1995; Spence and Pipas, 1994; Peden and Pipas, 1992; Srinivasan, et al, 1997).  

The OBD is the sequence-specific origin DNA-binding motif of TAg and recognizes 

the conserved pentanucleotide GAGGC located within the viral DNA replication origin (An 

et al, 2012; Hassel and Brinton, 1996; Collins and Pipas, 1995; Spence and Pipas, 1994; 

Peden and Pipas, 1992; Srinivasan, et al, 1997) (see Figures 1.2 and 1.3). In addition, the 

OBD mediates the interaction of TAg with cellular replication protein A (RPA), the 

Nijmegen breakage syndrome 1 (Nbs1), that function in DNA replication, and the 

interactions with several cellular transcriptional factors (An et al, 2012; Hassel and Brinton, 

1996; Collins and Pipas, 1995; Spence and Pipas, 1994; Peden and Pipas, 1992; Srinivasan, 

et al, 1997). 

 

 

Figure 1.2. Schematic Representation of the Polyomavirus Large Tumor Ag 

The schematic representation of the polyomavirus large tumor Ag (TAg) presented here depicts the 

functional domains and the interactors of these domains. The main domains are the J-domain (J-D), 

the origin-binding domain (OBD), zinc binding domain (Zn2+), and the ATPase domain. These 

domains intercat with cellular proteins such as Hsc70, Bub1, Cul7 and Pol α-primase which interact 

with the TAg through the J-domain. RPA and Nsb1 interact via the OBD while Topo I and p53 

intercat with the TAg via the ATPase domain. TAgs also contain disordered regions, for example 

the region between the J-D and OBD contain two conserved motifs LXCXE and WXXWW that 

mediate the binding of Bub1 and pRb proteins. SV40, BKV and JCV TAgs also contain TPPP 

phophodegron motif that interacts with Fbw7- (F-box and WD repeat domain-containing 7) -

ubiquitin ligase. This site is absent MCV and TSV. Figure drawn by the author with information 

collated from (An et al, 2012 and references therein). 
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The Zn-binding domain and the AAA+ ATPase domain form the enzymatic domains 

of the TAg that mediate oligomerization of TAg to form double-hexamers (Zn domain) and 

ATP hydrolysis (ATPase domain). Both domains, in addition to, the OBD are essential for 

the mediation of template DNA unwinding during viral DNA replication (An et al, 2012; 

Hassel and Brinton, 1996; Collins and Pipas, 1995; Spence and Pipas, 1994; Peden and 

Pipas, 1992; Srinivasan, et al, 1997). The interaction of cellular topoisomerase I (Topo I) 

and p53 with TAg is also mediated by the ATPase domain (Khopde and Simmons, 2008; 

An et al., 2012; Poulin and DeCaprio, 2006; Pipas, 1985, 1992; Tornow and Cole, 1983; 

Tornow et al., 1985; Debrah et al., 2012) (see Figure 1.2).  

In addition to the four conserved domains, SV40 TAg, like other polyomavirus TAgs, 

has variable disordered regions at its N- and C-termini. At the N-terminus of SV40 TAg, a 

43-amino-acids-long variable region is located between the J–domain and the OBD and this 

region harbours cellular protein-binding and nuclear localization signal motifs (An et al, 

2012). This region possesses the LXCXE and WXXWW motifs that mediate TAg’s 

interactions with cellular pRb and Bub1 proteins, respectively, and is conserved among 

SV40 and human polyomaviruses except for MCV that does not possess the WXXWW 

Bub1 interacting motif (An et al, 2012; Hassel and Brinton, 1996; Collins and Pipas, 1995; 

Spence and Pipas, 1994; Peden and Pipas, 1992; Srinivasan, et al, 1997). Also, located in 

the J-domain is the HPDKGG motif that mediates the interaction of Hsc70 protein with the 

TAgs, to bring about hydrolysis of ATP by Hsc70. This activity disrupts p130-E2F4 

complex and frees p130 from the complex (An et al, 2012). The helicase domain contains 

the zinc binding motifs CXXC and HXXH and the Walker A (G/AXXXXGKT/S) and 

Walker B box, which functions as nucleotide binding motifs (An et al., 2012).  

At the TAg C–terminus the domain for adenovirus helper function and host range (HR) 

activity is located between amino acids 671–708. The HR activity is defined for SV40 as 

the inability of a mutant virus with deletions in the residues 627–708 of the TAg to replicate 

in the kidney cells of certain types of African green monkey (An et al., 2012; Poulin and 

DeCaprio, 2006; Pipas, 1985; Tornow and Cole, 1983; Tornow et al., 1985). This region 

harbours TPPP sequence phosphodegron motif, conserved among SV40, JCV and BKV but 

absent in other human polyomaviruses (An et al, 2012; Poulin and DeCaprio, 2006; Pipas, 

1985). The TPPP phophodegron motif mediates interaction of the TAgs possessing it with 

Fbw7 ubiqitin ligase (An et al., 2012; Poulin and DeCaprio, 2006; Pipas, 1985; Tornow and 

Cole, 1983; Tornow et al., 1985; Debrah et al., 2012).  
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The polyomavirus TAgs undergo post-translational modifications, which exert positive 

and negative regulatory effects on their activities. To summarize a few, SV40 TAg can be 

modified at its N- and C-termini by phosphorylation, glycosylation, acylation, adenosine-

diphospho-ribosylation, adenylation, and acetylation. The functional consequences of these 

TAg modifications have not yet been fully understood, except for the TAg phosphorylation, 

which has been extensively studied (Bradley et al., 1984; Goldman et al., 1981; Jarvis and 

Butel, 1985; Klockmann and Deppert, 1983; Poulin et al., 2004; Tegtmeyer et al., 1977; 

Kress et al., 1982; Scheidtmann et al., 1982,1991; van Roy et al., 1983; Shimazu et al, 2006; 

Fanning and Knippers, 1992; Poulin and DeCaprio, 2006). SV40 TAg is the best studied of 

the polyomavirus TAgs and has nine or more phosphorylation sites. Their effects include 

being essential for viral DNA replication (in the case of Thr124) and inhibiting viral DNA 

replication (Ser106, 112, 117, 120, 123, 639, 677, and 679) by modulating the interaction 

of the TAg with the site II of the SV40 origin DNA (Tegtmeyer et al., 1977; Schneider and 

Fanning, 1988; Grässer et al, 1987; Fanning et al, 1981, 1982; Greenspan and Carroll 1981; 

Scheidtmann et al, 1984). Thr701 is also phosphorylated but its effects are still 

undetermined (Mohr et al, 1987; Mohr et al, 1989; Scheidtmann et al, 1991; Virshup et al, 

1989; Simmons et al, 1986; Schirmbeck et al, 1989; Giodni et al, 1982; Klausing et al, 

1988).   

JCV TAg replication activity is modulated positively by the phosphorylation of Thr125 

(Tyagarajan and Frisque, 2006). MCV TAg replication activity is influenced positively by 

the phosphorylation of residues Thr297 and Thr299 while phosphorylation of Ser816 

increases the apoptotic effect of MCV TAg (Li et al, 2015; Diaz et al, 2014). In addition to 

phosphorylation, TAgs also undergo acylation, which modulates the activities of the TAg 

as acylation of lysine 697 of the SV40 TAg destabilizes the protein by inducing degradation 

of the TAg in ubiquitination-independent manner (Poulin and DeCaprio, 2006; Shimzu et 

al, 2006). 

 

1.1.2.2.2 Additional Gene Products Encoded by the Early Region  

In addition to encoding TAg and tAg, the early transcripts of polyomaviruses can be 

spliced differentially to give rise to mRNAs, which are translated and produce additional 

tumor antigen variants. Their actual roles and functions in viral DNA replication, cell 

transformation or other processes are still largely unknown. The early regions of BKV and 

SV40 encode transcripts known as mini- or truncated TAg and 175K TAg, respectively, 
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while JCV encodes additional short variants of TAg called T'135, T'136, T'138, and T'165, 

expressed in lytically-infected cells and detectable in JCV transformants (Abend et al, 2009; 

Trowbridge and Frisque, 1995; Zerrahn et al, 1993). The MCV genome also codes for 57K 

TAg while TSV additionally has a middle TAg (mTAg) and putatively tiny TAg as gene 

products (Carter et al, 2013; Trowbridge and Frisque, 1995). Both MCV and TSV, and 

putatively the newly discovered NJPyV also encode an overprinting gene known as ALTO 

(Alternate frame of the Large TAg Open reading frame). The ALTO protein has the same 

start codon as TAg and is expressed during replication but itself has yet no identified role 

in viral DNA replication (Carter et al, 2013).  

The small tAgs, which have been found in all polyomavirus, interact with the 

threonine/serine phosphatase, protein phosphatase 2A (PP2A), and have essential functions 

in viral DNA replication in vivo e.g., by interfering with the cellular signalling, apoptotic, 

and cell cycle regulation pathways (An et al, 2012). Moreover, tAg also acts in the TAg-

dependent cell transformation (Chang et al., 1985; de Ronde et al., 1989; Hahn et al., 2002; 

Porras et al., 1996; Yu et al., 2001; Poulin et al, 2004). 

 

1.1.2.3. The Non-Coding Control Region  

The non-coding control region (NCCR) of polyomaviruses spans from the beginning 

of the start codons of the early genes to the beginning of the late genes and contains a single 

origin of replication, transcription promoters and enhancer sequences for the early and late 

genes (An et al, 2012, Hassel and Brinton, 1996). The NCCRs of polyomaviruses are the 

most variable regions. Moreover, in BKV and JCV NCCRs are used to distinguish the 

Archetype polyomaviruses from the rearranged viruses (Padgett et al., 1977; Agostini et al, 

1997; Tornatore et al, 1992; Moens and Van Ghelue, 2005; Loeber and Dorries, 1988; 

Jensen and Major, 2001; Gosert et al., 2008). The Archetype polyomavirus is the primordial 

virus which sequences are detected in the urine of healthy individuals (Padgett et al., 1977; 

Agostini et al, 1997; Tornatore et al, 1992). The rearranged viruses are derived from the 

archetype virus by point mutations, deletions, additions, duplications, and rearrangements 

of sequence blocks in the NCCR (Moens and Van Ghelue, 2005; Loeber and Dorries, 1988; 

Gosert et al., 2008; Doerries, 2006; Knowles, 2001). They are the forms detected in diseased 

patients and can be cultivated in cell culture models such as renal proximal tubule epithelial 

(RPTE) cells and human fetal glial cells, for BKV and JCV, respectively (Moens and ---
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Rekvig, 2001; Moens et al., 1995; Yogo et al., 1990, 2008; White et al., 1992; Low et al., 

2004; Broekema and Imperiale, 2012). 

 

1.1.2.3.1 The Replication Origin 

The transcription promoters and enhancers have been reviewed in details for different 

polyomaviruses (Jensen and Major, 2001; Moens and Van Ghelue, 2005). Since the focus 

of this study is on DNA replication the overview of NCCRs presented here will focus on 

the cis sequence for DNA replication, the origin of replication (ori). 

 

 

Figure 1.3. Origin of Replication Sequences of SV40, BKV, JCV, MCV and TSV.  

The yellow highlighted pentanucleotides are the consensus sequence recognized by the respective 

TAgs. For SV40, BKV and JCV, the binding site II constitute the core ori and contains four 

consecutive GAGGC pentanucleotide numbered P1 to P4 that are essential and in which P1 and P2 

are in palindrome to P3 and P4, and each is spaced by one nucleotide. This arrangement is conserved 

between SV40, JCV and BKV. SV40, JCV and BKV also contain GAGGC pentanucleotides located 

at the site I, which can also be bound by the TAg but are not essential for DNA replication. MCV 

and TSV have more pentanucleotides and some of which are imperfect pentanucleotides of the form 

G(A/G)GGC and some are overlapping (coloured red). The SV40 analogous site II of MCV and 

TSV is known as site 1/2 or ORI, named after MPyV which share similarity with MCV and TSV in 

this region. MCV has 10 pentanucleotides but not all of them are essential and only four are 

recognized by MCV TAg at a time. TSV has 8 pentanucleotides of which four are overlapping. The 

equivalent of SV40 site I is known as site A for MCV and TSV. The EP coloured in green is the 

early palindrome sequence while the AT-rich is the AT-rich region of the polyomavirus origin of 

replication. The figure was drawn by the author with information obtained from (Kwun et al., 2009; 

Harrison et al., 2011; Sprugeon and Lambert, 2011; Moens et al., 1995; Hassell and Brinton, 1996; 

Gosert et al., 2010; Van Der Meijden et al., 2010).  
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The ori sequences of polyomaviruses comprise the core origin and auxiliary regions 

(DePamphilis 1988). The core origin constitutes the minimal sequence required for origin 

function and is conserved among polyomaviruses (An et al, 2012; Hassell and Brinton, 

1996; Parsons et al, 1990; Damania and Pipas, 2009). In SV40, the core is absolutely 

essential for the viral DNA replication and is about 65 base pairs long (Hassell and Brinton, 

1996). The core origin is subdivided into three sequence sets which are the TAg binding site 

II (a centrally located G/C-rich palindrome), A/T-rich region at the late border, and the 

‘early palindrome’ (EP) also called ‘early sequence’ located towards the early region (An 

et al, 2012; Hassell and Brinton, 1996; Parsons et al, 1990; Damania and Pipas, 2009). The 

A/T-rich region contains stretch of As and the region is essential for viral DNA replication 

as a deletion of only a few bases in this region undermines viral DNA replication activity in 

vivo and in vitro.  

The G/C-rich region or TAg binding site II for SV40, JCV and BKV is in the centre of 

the core origin and comprises about 30 nucleotides that harbour four sets of tandem 

pentanucleotide -5’-GAGGC-3’ (labelled P1-P4), which are recognized by the respective 

Tags (Figure 1.3). These pentanucleotides are essential for DNA replication and are 

arranged such that a set of two of them is in inverted orientation to the other two and that 

each of them is separated from the other by one nucleotide. This feature is conserved 

between SV40, BKV and JCV (Moens et al, 1995; Hassell and Brinton, 1996; Gosert et al, 

2010). The G/C-rich region of MCV, also known as site 1/2 or ORI (named after the MPyV 

which have similar sequence), contains 5’-GAGGC-3’ and 5’-G(A/G)GGC-3’-like 

pentanucleotide sequences (designated P1-P6), but only four these P1, P2, P4, and P5 or P6 

are recognized by TAg at a time (Harrison et al, 2011; Sprugeon and Lambert, 2013). MCV 

pentanucleotides resemble the inverted repeat arrangement as in SV40, JCV and BKV but 

the centre-most pentanucleotides, P1 and P2 as well as P5 and P6 of MCV are overlapping, 

and inverted. Moreover, P1 and P2 form imperfect pentanucletide whereas P5 and P6 form 

perfect overlapping palindrome pentanucleotide (see Figure 1.3) (Kwun et al, 2009; 

Harrison et al, 2011; Sprugeon and Lambert, 2013). TSV has similar pentanucleotide 

arrangement as MCV in the G/C-region although TSV has only three pentanucleotides at 

the site 1/2 as opposed to six possessed by MCV at the corresponding region (van der 

Meijden, et al, 2010; Kwun et al, 2009; Harrison et al, 2011; Sprugeon and Lambert, 2013). 

The auxiliary regions map to the sites flanking the core origin at the early border (TAg 

binding site I) and the late border (binding site III). For SV40, JCV and BKV, the sites are 

not essential for the replication of the viral DNA but stimulate viral DNA replication 5 to 
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25–fold (Guo and DePamphilis, 1992; Guo et al, 1991; Hassell et al, 1986; Muller et al, 

1988, DePamphilis and Bradley 1986). These regions overlap with transcription enhancer 

elements of the early and late genes (DePamphilis 1993; Ferguson and Subramani, 1994; 

Nakshatri et al, 1991; Chakraborty and Das, 1989, 1991; Cassill et al, 1989). The site A 

sequence of TSV and MCV possesses extra TAg binding motifs that are not essential for 

replication of the viral DNA, excerpt for MCV P7 motif in this region, which is essential 

for viral DNA replication (Johnson, 2010; kwun et al, 2009; Harrison et al, 2011; van der 

Meijden et al, 2010).  

 

1.2 Polyomavirus DNA Replication:  A Model for Eukaryotic DNA Replication  

Polyomavirus DNA replication has been extensively studied in vivo and in vitro and 

these studies have strongly contributed to today’s understanding of eukaryotic DNA 

replication (Bullock 1997; Stenlund 2003; Waga and Stillman, 1994). From these 

investigations, it is known that the only virally encoded protein required for viral DNA 

replication is TAg while the host supplies the rest of the proteins required for DNA 

replication (Bullock 1997; Stenlund 2003; Waga and Stillman, 1994). The small t antigen 

(tAg) is required for the TAg-dependent transformation of cells and in vivo replication of 

polyomavirus DNA but dispensable for viral DNA replication in vitro (Chen et al, 1992; 

Peden et al, 1998; Srinivasan et al, 1989, 1997; Zhu et al, 1991, 1992). The replication of 

the polyomavirus genome in vivo and in vitro involves the interplay between cis-acting 

sequences, the origin, and trans-acting factors (Taneja et al, 2007). The complete replication 

of human polyomavirus genomes in vivo or the replication of their plasmid DNA in vitro 

involves at least ten host replication protein factors, which include the human DNA 

polymerase α-primase (Pol α-primase), DNA polymerase δ (Pol δ), replication protein A 

(RPA), topoisomerases I and II (topo I and topo II, respectively), proliferating cell nuclear 

antigen (PCNA), replication factor-C (RF-C), maturations factor I (MF I), ribonuclease H1 

(RNase H1), and DNA ligase I. In contrast to these proteins, which are essential for viral 

and host DNA replication, DNA polymerase ε (Pol ε) is required for host chromosomal 

replication but is dispensable for replication of the SV40 genome (Stadlbauer et al, 1996; 

Nasheuer et al, 1992; An et al, 2012; Das and Imperiale, 2009; Fanning et al, 2009).  

Replication of polyomavirus genomes or the viral-origin containing plasmid DNAs 

starts within the replication origin, and proceed bi-directionally, terminating where the two 

forks meet (Nasheuer et al, 2007). Viral DNA replication occurs following a cascade of 
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events including the expression of TAg, which in turn regulates cellular transcription and 

cellular replication events, thus creating cellular conditions favourable to the replication of 

the viral genome (Nasheuer et al, 2007; Damania and Pipas, 2009; Smith et al, 2002). 

Initiation of replication of SV40 DNA occurs when two SV40 TAg monomers, by their 

OBD (Origin Binding Domain). TAg binds to each of the two halves of the four tandem 

central pentanucleotide GAGGC at the core origin, and in the presence of ATP or ADP 

nucleate to form head-to-head double hexameric TAg complexes, which have DNA 

unwinding activity (DNA helicase) (An et al, 2012; Rose and Schaffhausen, 1995; Nasheuer 

et al, 2002).  

 

 

Figure 1.4. Summary of the Replication of Polyomavirus Genomes.  

The proteins required for the viral DNA replication are provided by the host while the polyomavirus 

contributes the large TAg. The progressing DNA replication fork shows a bidirectional DNA 

replication in which the TAg double hexamer forms the helicase enzyme unwinding the dsDNA in 

both directions. The TAg then recruits RPA which binds to stabilize the ssDNA generated as a result 

of the duplex DNA unwinding by the helicase activity of the TAg while Topoisomerase I relaxes 

the topological tension generated by the unwinding. The TAg recruits Pol α-primase which 

synthesizes the RNA/DNA hybrid primers that are handed over to Pol δ for complete replication. 

The DNA Pol α-primase - Pol δ switching is facilitated by clamp loader, the RFC complex, which 

displaces the Pol α-primase (blue arrow) and loads the PCNA clamp that forms a ring around the 

nascent dsDNA and facilitates the transfer of primer from Pol α-primase to Pol δ. The MF1-RNase 

H cleaves off the RNA primer and the gap generated is filled by Pol δ while DNA ligase 1 finally 

joins the two DNA ends. The diagram was drawn based on information collated from the literature 

(Nasheuer et al, 2002, 2007; An et al, 2012).  

 

 

The nucleation of the TAgs to form the helicase complexes is facilitated by protein-protein 

interactions of the OBDs and Zn domains of the TAg monomers. The established double 
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hexamers are capable to melt the origin DNA locally and bi-directionally (Weisshart et al, 

2004; Borowice et al, 1990; Rose and Schaffhausen, 1995). Once the TAg-double hexamers 

are assembled at the origin, TAg’s helicase activity unwinds the circular DNA 

bidirectionally in an ATP hydrolysis-dependent manner with each hexamer surrounding one 

strand of the unwound DNA and displacing one strand from the other (Borowice et al, 1990; 

Rose and Schaffhausen, 1995; Gai et al, 2004; Reese et al, 2004; Shen et al, 2005; 

Bochkareva et al, 2006; Kumar et al, 2007 Meinke et al, 2006, 2007). Using three-

dimensional cryo-electron microscopy (3D-EM) of SV40 TAg, it has been elucidated that 

the TAg helicase complex forms a loop with the ssDNA of the unwound duplex passing 

through the centre of the hexamer (Cuesta et al, 2010; An et al, 2012). After TAg’s 

unwinding of the DNA duplex, RPA is recruited to stabilize the ssDNA formed. In parallel, 

the TAg recruits Pol α-primase to the origin DNA to synthesize 10 nucleotide RNA primers 

on the newly formed ssDNA by its primase subunits. In the following the DNA polymerase 

subunit of Pol α-primase adds 20 – 30 nt to the initial RNA to generate RNA-DNA hybrid 

primers that are handed over to Pol  for complete synthesis of both the leading and lagging 

strands in polyomavirus DNA replication (Weisshart et al, 2000; An et al, 2012; Das and 

Imperiale, 2009; Fanning et al, 2009). The switching of Pol α-primase to Pol δ is facilitated 

by PCNA and RF-C, on both the leading and lagging strands (Nasheuer et al, 2007).  

The synthesis of the lagging strand is discontinuous and requires the actions of two 

additional proteins RNase H, which removes the RNA primers, and Pol δ for filling the 

residual gaps of the Okazaki fragments with the DNA ligase 1 joining the ends of the newly 

created DNA fragments for a complete synthesis of the lagging strand (Nasheuer et al, 2007; 

Ishimi et al, 1988; Wobbe et al, 1987). Although the complete replication of the viral 

genome requires the collaboration of all these proteins, the partial reconstitution of 

replication of polyomavirus origin-containing plasmid DNA has been achieved and applied 

in vitro using monopolymerase system that utilizes only three host replication factors Pol α-

primase, RPA and Topo I, in addition to the TAg (Weinberg et al, 1990; Eki et al, 1992; 

Waga et al, 1994; Liang et al, 2012; Mahon et al, 2009; Tikhanovich and Nasheuer, 2010; 

Smith and Nasheuer, 2003).  

The replication of the viral mini-chromosome or viral-origin containing plasmid DNA 

occurs through similar mechanism as the replication of eukaryotic DNA, although some 

fundamental discrepancies exist between the two. First, the dispensability of Pol  for the 

replication of SV40 DNA whereas Pol  is required for the replication of eukaryotic 

chromosomal DNA. Secondly, the multiple re-replication of SV40 DNA as opposed to the 
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regulated origin firing in eukaryotic DNA replication and thirdly, the replication of 

polyomavirus DNA under cellular DNA damage response (DDR) milieu induced by the 

activation of ATM, which causes the arrest of host DNA synthesis (Pospiech and Syvaoja 

2003; Dahl et al., 2005; Jul-Larsen et al, 2004; Boichuk et al, 2010, 2011; Zhao et al, 2008; 

Shi et al, 2005). Additional subtle differences exist between the mechanisms of viral and 

host DNA replication such as the discrepancies in the effects of post-translational 

modifications of host replication proteins. It has been reported that phosporylation of RPA-

B, the second largest subunit of RPA, at the Ser23 and 29 residues during G1 to S and G2 

to M transitions inhibits cellular DNA replication but has no impact on SV40 DNA 

replication (Liu et al, 2012; Dutta and Stillman, 1992; Lee and Kim, 1995; Brush et al, 

1994; Pan et al, 1995; Binz et al, 2004; Bell and Dutta, 2002). These and other discrepancies 

between the polyomavirus and host DNA replication could be the viral Achilles heel to be 

used for specific antiviral agents to exclusively inhibit polyomavirus DNA replication but 

not that of the host. 

A wide range of host replication machinery participates in the replication of 

polyomavirus genome in vivo, but a few of these purified proteins, most of which have been 

extensively studied and reviewed, can replicate the viral DNA in vitro in the presence of 

TAg. In this summary, there will be a focus on only those human proteins that are relevant 

to the studies including RPA, Pol α-primase, Pol δ, PCNA and Topo I.  

 

1.2.1 Replication Protein A  

Replication protein A (RPA) is a heterotrimeric protein complex first described by its 

ability to support SV40 DNA replication and to bind to single-stranded DNA (ssDNA) 

(Chen and Wold, 2014). The protein is the major cellular ssDNA-binding protein in all 

eukaryotes (Chen and Wold, 2014; Fanning et al, 2006; Wold, 1997; Broderick et al, 2010). 

RPA is essential for many DNA metabolizing processes such as DNA replication, DNA 

damage repair, DNA damage-induced checkpoint activation, and DNA recombination 

(Shereda et al, 2008; Zou et al, 2006; Liu et al, 2012; Ashley et al, 2014; Fang and Newport, 

1993; Oakley et al, 2003; Olson et al, 2006;). RPA heterotrimer complex comprises three 

subunits; namely RPA-A (RPA1), RPA-B (RPA2), and RPA-C (RPA3) (Fanning et al, 

2006; Shereda et al, 2008; Wold, 1997; Iftode et al, 1999). The three subunits are also 

referred to as RPA70, RPA32, and RPA14, denoting their respective molecular weights of 

70, 32, and 14 kDa (Nasheuer and Smith, 2003).  
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Structurally, RPA contains six DNA binding domains (DBDs), a phosphorylation domain 

(pd) and winged helix domain, through which it mediates the DNA binding, protein binding 

and regulatory functions (see Figure 1.5, reviewed in Chen and Wold, 2014). The DNA-

binding domains are labelled DBDs A – F. The subunit RPA-A possesses the DBDs A, B, 

C and F (Chen and Wold, 2014). The DBDs A – C function in DNA binding and protein-

protein interaction properties while DBD-F is located in the N-terminus. DBD-F has 

primarily regulatory functions and protein interaction activities (Chen and Wold, 2014; 

Haring et al, 2008; Xu et al, 2008; Binz and Wold, 2008; Pestryakov et al, 2003; Taneja et 

al, 2007; Kolpashchikov et al, 1999). RPA-B possesses the centrally located DBD-D, which 

functions for ssDNA binding (Haring et al, 2008; Bochkarev and Bochkareva, 2004; 

Bochkareva et al, 2002).  

 

 

Figure 1.5. The Schematic Representation of RPA Interacting with ssDDNA. 

The diagram shows the RPA subunits and their domains. RPA-A possesses the DNA binding 

domains (DBDs)- A, B, C, and F while RPA-B possesses the DBD-D, pd (for phosphorylation 

domain) and winged helix domains. RPA-C possesses DBD-E. The RPA-A subunit contains the 

main functional activities but the function of RPA is abrogated if any of the smaller subunits is 

absent from the heterotrimeric complex. The figure was drawn using the information collated from 

(Chen and Wold, 2014; Kolpashchikov et al, 1999; Bochkareva et al, 2002). 

 

RPA-B also possesses C-terminally located the winged helix (wh) domain, which is 

involved primarily in protein-protein interactions, and N-terminally located multiple 

phosphorylation sites also referred to as phosphorylation domain (pd) (Haring et al, 2008; 

Bochkarev and Bochkareva, 2004; Bochkareva et al, 2002; Oakley and Patrick, 2010; Binz 

et al, 2004; Gao et al, 2007) (summarised in Figure 1.5). RPA-C possesses DBD-E and has 

weak DNA binding ability (Oakley and Patrick, 2010; Binz et al, 2004; Gao et al, 2007; 

Bochkareva et al, 1999; Brill and Stillman, 1991) (see Figure 1.5). Although RPA-A 

possesses majority of the functional domains it requires the two smaller subunits for full 
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activity as the exclusion of any of the three subunits produces an inactive RPA (Erdile et al, 

1991; Chen and Wold, 2014; Haring et al, 2008; Xu et al, 2008; Binz and Wold, 2008). 

Studies of the binding modes of RPA to ssDNA have yielded a complex model for 

these physical interactions. Currently, the accepted DNA binding modes of RPA are the 

very weak 8-nucleotide binding activity which needs support by other factors such as 

flanking dsDNA regions or protein-protein interactions for stability, a weak but in 

biochemical assays readily detectable 18-20 nucleotide binding mode, and finally a highly 

stable 28-30 nt binding mode (Blackwell and Borowiec, 1994; Bochkarev et al, 1997; 

Brosey et al, 2013; de Laat et al, 1998; Fan and Pavletich, 2012; Kumaran et al, 2006; 

Nguyen et al, 2014). In addition, two recent studies report a dynamic binding nature of RPA 

to ssDNA, positing that RPA binds stably on ssDNA but in the presence of other proteins 

or ssDNA binding proteins, disengages to allow the binding of the other proteins. This 

dynamic RPA-ssDNA-binding nature appears more plausible and could better explain the 

binding of other proteins to RPA-coated ssDNA (Chen and Wold, 2014; Gibb et al, 2014; 

Nguyen et al, 2014). Additionally, RPA also physically interacts with proteins such as TAg, 

Pol α-primase, and transcriptional activators (Hassell and Brinton, 1996; Melendy and 

Stillman 1993; He et al, 1993; Li and Botchan 1993). RPA can also bind to dsDNA and 

RNA, although with very lower affinity when compared with its ssDNA binding. 

RPA undergoes post-translational modifications such as sumoylation and 

phosphorylation on its subunits and these modifications have different effects on the 

function of RPA (Bochkarev and Bochkareva, 2004; Haring et al, 2008; Xu et al, 2008; 

Binz and Wold, 2008; Oakley and Patrick, 2010). The C-terminus of RPA-A harbours 

SUMOlylatable lysine residues 499 and 577. Their sumolylation promotes the functions of 

the protein in mediating the recruitment of RAD51 during repair. Mutations of these sites 

result in RPA with defective functions and increased sensitivity to DNA damages in yeast 

cells (Chen and Wold, 2014; Dou et al, 2010). The unstructured domain of RPA-B located 

in its N-terminus also known as the phosphorylation domain is the region of post-

translational modification as it harbours multiple phosphorylation sites. The residues Ser4, 

8, 11, 12, 13, 23, 29 and 33 and Thr21 and can be phosphorylated in a manner, which 

depends on various cellular and environmental events and activities (Oakley and Patrick, 

2010; Binz et al, 2004; Zou et al, 2006; Liu et al, 2012; Ashley et al, 2014; Fang and 

Newport, 1993; Oakley et al, 2003; Olson et al, 2006).  
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1.2.2 DNA Polymerase -Primase  

All living things have devised the ability to accurately replicate the genome by DNA 

polymerases. In eukaryotes these replicative DNA polymerases include Pol α-primase, Pol 

δ, and Pol ε, and each plays essentially different functions that are necessary for the accurate 

replication of eukaryotic chromosomal DNA (Pellegrini, 2012; Walsh and Eckert, 2014; 

Cotterillv and Kearsey, 2009; Zhang et al, 2014; Garp and Burgers, 2005; Kunkel, 2009; 

Pavlov et al, 2006). Pol α-primase is a heterotetrameric complex and in human comprises 

subunits designated as p180, p70, p58 and p48, named in accordance with their respective 

molecular weights, which correspond to 180 kDa, 70 kDa, 58 kDa, and 48 kDa, respectively 

(Pellegrini, 2012; Walsh and Eckert, 2014; Cotterill and Kearsey, 2009; Munzi-Falconi et 

al, 2003). Functionally, all genes encoding the subunits of the DNA Pol α-primase are 

essential for in vivo DNA replication of studied eukaryotes and SV40 in vitro DNA 

replication (Weisshart et al, 2000). Mutations in any subunit may render cellular DNA 

replication to be defective and cause genome instability (Walsh and Eckert, 2014; Johnson 

et al 1985; Budd and Campbell, 1987; Kaczmarek et al, 1986; Longhese et al, 1993; Foiani 

et al, 1994; Weisshart et al, 2000).  

DNA polymerases lack the ability to carry out de novo DNA synthesis without a free 

3’ hydroxyl group and thus utilize free OH group of an RNA primer synthesized by the 

primase activity of Pol α-primase (Pellegrini, 2012; Cotterill and Kearsey, 2009; Munzi-

Falconi et al, 2003; Nasheuer and Grosse, 1988; Nasheuer et al, 2002; Schneider et al, 1998; 

Weisshart et al, 2000). Primer synthesis during DNA replication is a very well conserved 

process in all kingdoms of life and the p48 subunit of Pol α-primase has an intrinsic ability 

sufficient to synthesize RNA primers although its activity is quite inefficient without the 

p58 subunit (Nasheuer and Grosse, 1988, Walsh and Eckert, 2014; Santocanale et al, 1993). 

RNA primer synthesis by p48 preferentially occurs at oligopyrimidine tracts within AT-rich 

regions of template DNA and requires a carboxylic triad and divalent metal ions for the 

synthesis of the first dinucleotide, preferably GTP, believed to provide more stability 

(Copeland and Wang 1993; Zerbe and Kuchta, 2002; Santocanale et al, 1993; Schneider et 

al, 1998; Walsh and Eckert, 2014; Nasheuer and Grosse, 1988; Copeland and Tan, 1995). 

The length of primers generated in vitro by purified Pol α-primase ranges from 2 to 10 

nucleotides in the presence of dNTPs and in excess of 10 nt in the absence of dNTPs 

(Nasheuer and Grosse, 1988; Kuchta et al, 1990; Sheaff and Kuchta 1993, 1994; Thompson 

et al, 1995; Pospiech and Syvaoja 2003).  The primers synthesized by primase are capable 

of terminating the primase function if 7 nucleotides and above are synthesized (Nasheuer 
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and Grosse, 1988; Nasheuer et al, 2002; Schneider et al, 1998; Weisshart et al, 2000). The 

RNA primers are then handed over to the p180 subunit of Pol α-primase that then adds 20 

– 30 nucleotides to generate RNA-DNA hybrid primers. These RNA-DNA hybrid primers 

are subsequently handed over to the highly processive and high fidelity DNA polymerases 

(Kuchta et al, 1990; Sheaff and Kuchta 1993, 1994; Thompson et al, 1995). In eukaryotic 

chromosomal DNA replication Pol δ synthesizes the discontinuous strand whereas Pol ε 

takes over the synthesis of the leading strand. In contrast, during polyomavirus genomic 

DNA replication, Pol ε is dispensable whereas Pol δ is sufficient to synthesize both strands 

(Thompson et al, 1995; Pospiech and Syvaoja 2003; Waga and Stillman 1998; Hübscher et 

al, 2002).  

Contrary to p48, the p58 subunit of Pol α-primase complex has not yet been reported 

to have catalytic activities but is an accessory subunit that functions to regulate the rate, 

stability, processivity, and length of p48-synthesized RNA primers, and to facilitate the 

switching of primase to the DNA polymerase subunit through conformational changes 

(Walsh and Eckert, 2014; Copeland and Wang 1993; Zerbe and Kuchta, 2002; Santocanale 

et al, 1993; Nunez-Ramirez et al, 2011; Arezi et al, 1999; Agarkar et al, 2011). The p70 

subunit of Pol α-primase also known as the B subunit has also no enzymatic function yet 

assigned to it but interacts with p180 C-terminal domain and it is thought to be playing 

regulatory roles (Walsh and Eckert, 2014; Collins et al, 1993).  

The p180 subunit of Pol α-primase is a member of the B-family of DNA polymerases 

and performs the DNA synthesis function (Nasheuer and Grosse, 1987, 1988; Nasheuer et 

al, 2002, 2007; Pellegrini, 2012; Walsh and Eckert, 2014; Cotterill and Kearsey, 2009; 

Schneider et al, 1998; Munzi-Falconi et al, 2003). The enzyme exhibits the least 

processivity and fidelity of the mammalian DNA polymerases trio of Pol α, Pol δ, and Pol 

ε in vivo (Walsh and Eckert, 2014; Weiser et al, 1991; Thomas et al, 1991). 

 DNA Pol α-primase undergoes posttranslational phosphorylations at its p180 and p70 

subunits in a cell cycle-dependent manner by cyclin-dependent kinases (Cdks) (Nasheuer et 

al, 1991; Voitenleitner et al, 1997, 1999; Schub et al 2001; Ferrari et al 1996), and this 

alters the properties of the enzyme by lowering, its ssDNA binding affinity, DNA synthesis 

and inhibits the initiation reaction of DNA replication (Nasheuer et al, 1991; Schub et al 

2001; Ferrari et al 1996).  The p180 subunit is hyperphosphorylated in G2 /M phase by 

cyclin A-dependent kinase, while the p70 subunit is phosphorylated only in G2 /M by 

cyclin-dependent kinase. These findings suggest that the posttranslational modifications are 
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important regulatory modifications to the human DNA Pol α-primase, which is supported 

by the data that phosphorylation of Pol α-primase by cyclin A-dependent but not cyclin E-

dependent and the phosphorylation inhibits the initiation of SV40 DNA replication in vitro 

(Nasheuer et al, 1991; Voitenleitner et al, 1997, 1999; Schub et al 2001; Ferrari et al 1996). 

 

1.2.3 DNA Polymerase δ  

Pol δ was originally purified from the bone marrow of a rabbit and was found to possess 

both 5 – 3’ DNA synthesis and 3’– 5’ exonuclease activities, both of which are very essential 

enzymatic activities of the DNA polymerase required for accurate replication of the 

eukayotic genome (Walsh and Eckert, 2014; Byrnes et al, 1976). In humans, Pol δ exists as 

a heterotetrameric complex comprising p125, p68, p50 and p12 (Walsh and Eckert, 2014; 

Podust et al, 2002). The largest subunit, p125, has the catalytic activities, the DNA synthesis 

and exonuclease functions. The large subunit is tightly associated with a regulatory B 

subunit, p50, and two additional subunits designated C (or p68) and D (or p12) (Walsh and 

Eckert, 2014; Zhou et al, 2012; Podust et al, 2002). Unlike Pol α-primase, the complex 

composition of Pol δ is not conserved in eukaryotes because contrary to the heterotetramer 

of human Pol δ, the Pol δ of the budding yeast is a heterotrimeric complex whereas S. pombe 

has most likely up to five subunits (Walsh and Eckert, 2014; Zhou et al, 2012; Podust et al, 

2002; Zou et al, 1997).  

Although human Pol δ exists as a heterotetrameric enzyme complex, the recombinant 

Pol δ has been purified in different subassemblies containing different subunit compositions 

that retain the exonuclease activity and, to varying degrees, its replicative activity (Walsh 

and Eckert, 2014; Zhou et al, 2012; Podust et al, 2002). The subassemblies purified include 

Pol δ p125/p50 heterodimer (referred to as the core dimer), forms a tightly associated protein 

complex with low replicative activity. The addition of Pol δ3 (which yields the core dimer 

+ p68 subunit) exhibits higher DNA synthesis activity but is highly unstable in vitro (Walsh 

and Eckert, 2014; Zhou et al, 2012; Podust et al, 2002). The addition of the p12 subunit to 

the latter helps to stabilize the enzyme and to increase its replicative activity. Functionally, 

the Pol δ /p125 harbours the nuclease and DNA synthesis activities while the p68 subunit 

plays regulatory role that is required for the synthesis of large DNA products. As described 

above the p12 subunit then stabilizes the enzyme complex and increases its replicative 

activity (Walsh and Eckert, 2014; Zhou et al, 2012; Podust et al, 2002). Recent studies in 

baker yeast suggested that the Pol δ is the DNA polymerase responsible for the replication 
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of the Okazaki fragments by taking over the primers created by DNA Pol α-primase during 

the duplication of the human genome. However, in SV40 genomic DNA replication Pol δ 

is sufficient for the replication of both Okazaki fragments and the leading strands (Walsh 

and Eckert, 2014; Waga and Stillman 1998; Hübscher et al, 2002).  

Importantly, Pol δ lacks the ability to initiate DNA synthesis, hence, it requires the 

activities of Pol α-primase, which initiates DNA synthesis and then hands over the primers 

to the Pol δ through polymerase switching. This process is orchestrated by the activities of 

RPA, RF-C and PCNA (Walsh and Eckert, 2014; Moldovan et al, 2007; Xie et al. 2002; 

Chilkova et al, 2007). The RF-C is a heteropentameric complex that loads the eukaryotic 

sliding clamp (PCNA) in an ATP-dependent mechanism onto DNA (Walsh and Eckert, 

2014; Moldovan et al, 2007; Xie et al, 2002; Chilkova et al, 2007).  

DNA Pol δ is an essential DNA polymerase with proofreading function (MacNeill et 

al, 1996; Francesconi et al, 1993; Gerik et al, 1998). The disruption of Pol δ in vivo or 

mutation in essential amino acid residues have deleterious implications, which can cause 

embryonic lethality as a result of defective DNA replication (MacNeill et al, 1996; 

Francesconi et al, 1993; Gerik et al, 1998; Venkatesan et al, 2006, 2007; Fukui et al, 2004; 

Bermudez et al, 2011; Uchimura et al, 2009; Prindle and Loeb 2012). The polymerase 

exhibit high fidelity in DNA synthesis and this role of high fidelity is associated with several 

leucine residues in the active site of the enzyme namely Leu604, Leu606 and Leu612 

(Walsh and Eckert, 2014; Schmitt et al, 2010; Hile et al, 2012; Abdulovic et al, 2011; 

Dieckman et al, 2010; Swan et al, 2009). Pol δ can be posttranslationally modified through 

phosphorylation of the four residues, which are targets of different cell cycle-dependent 

kinases and these phosphorylations alter the interaction of the enzyme with the cellular 

proteins and DNA (Walsh and Eckert, 2014).  The p125 is phosphorylated in vivo during 

the S-phase and in vitro by casein kinase 2, while p50 is phosphorylated in vivo and in vitro 

by the cyclin A-Cdk2, which also phosphorylates p68 in vitro. In addition, p12 is 

phosphorylated in vitro by casein kinase 2 (Walsh and Eckert, 2014; Zeng et al, 1994; Li et 

al, 2006; Gao et al, 2008; Ducoux et al, 2001; Lemmens et al, 2008). 
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1.2.4. Proliferating Cell Nuclear Antigen  

PCNA is a homotrimer sliding clamp ring, that acts as ‘protein docking station’, and 

functions in regulation of diverse biological processes such as DNA replication, chromatin 

remodelling cell-cycle control and DNA repair (Schurtenberger et al, 1998; Maga et al, 

2003; Naryzhny et al, 2005; Xing et al, 2007). PCNA associates with proteins involved in 

wide range of diverse functions including DNA replication.  RF-C, a heteropentameric 

complex, loads PCNA onto DNA in an ATP-dependent manner (Walsh and Eckert, 2014; 

Moldovan et al, 2007; Xie et al, 2002; Chilkova et al, 2007). PCNA interacts with Pol δ. 

Together with RPA and RF-C, it facilitates the switching of the enzyme at the newly 

synthesised primer from Pol α-primase to Pol δ and also enhances the processivity of Pol δ 

during DNA replication (Moldovan et al, 2007; Xie et al, 2002; Chilkova et al, 2007). 

PCNA also interacts with Pol λ and other recently discovered DNA polymerases to greatly 

enhance their DNA replicative activity (Maga et al, 2002, 2004). 

 

1.2.5. Human Topoisomerase I  

Topoisomerase I (Topo I) is an abundant monomeric human enzyme that belongs to 

the type IB subfamily of topoisomerases (Champoux, 2001). The enzyme participates in in 

several important biological processes such as DNA replication and RNA synthesis where 

it catalyzes the removal of positive supercoils by passing one strand of the DNA through a 

nick in the opposing strand (Snapka et al, 1988; Stewart et al, 1990; Yang et al, 1987). 

Structurally, the enzyme contains four distinct domains; the N-terminal domain, the Core 

domain, the Linker domain, and the C-terminal domain (Figure 1.6) (Champoux 1998, 

2001; Stewart et al, 1996a, 1996b). The N-terminus is 214 amino acids long and for humans, 

the domain is, non-conserved, highly unstructured, dispensable for relaxation activity in 

vitro and highly susceptible to proteolysis (Champoux 1998, 2001; Stewart et al, 1996a). 

The domain also contains nuclear localization signals and the sites of interaction with SV40 

TAg, p53 and other proteins (Simmons et al, 1996; Gobert et al, 1999; Bharti et al, 1996, 

Champoux, 2001). The Core domain is 421 amino acid residues long. This domain is highly 

conserved in eukaryotes, can bind to DNA and contains all the catalytic residues, except the 

active site tryrosine (Redinbo et al, 1998, Champoux, 2001). The linker domain contains 77 

amino acids and is unstructured, not conserved, very susceptible to proteolysis, and 

dispensable for enzyme activity (Chmampoux, 2001). The C-terminal domain is 51 amino 
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acids long and contains the active site Tyr723. The domain is essential and in conjunction 

with the core domain forms the active enzyme. 

 

Figure 1.6. The Schematic Representation of Topoisomerase I Domains.  

Topoisomerase I (Topo I) possesses four defined domains, which are the N-terminal, Core, Linker, 

and C-terminal domain. The N-terminal and the Linker domains are not conserved, and are 

unstructured. These domains are highly susceptible to proteolysis. The N-terminal domain 

nevertheless is the site of interaction of the protein and contains the nuclear localization signal site. 

The Core domain forms the enzymatic domain while the active site Tyr723 of the enzyme resides 

within the C-terminal domain. The C terminal domain possesses Tyr723, which is the active site 

residue that brings about the nicking of the topologically tense DNA. The diagram was drawn using 

information obtained from (Champoux 1998, 2001; Stewart et al, 1996a, 1996b; Redinbo et al, 

1998). 

 

The mechanism of action of the enzyme in topological relaxation or decantenation 

processes involves enzyme catalyzed breakage of one strand of the DNA by nucleophilic 

attack on the scissile phosphate of the DNA using the O-4 oxygen of tyrosine 723 in the C-

terminus of the enzyme (Champoux, 2001). The attack generates 3’ phosphate, which is 

linked to the enzyme by reversible transesterification reaction to form 3’-phosphotyrosyl 

bond between phosphate and the tyrosine residue, leaving a free 5’-hydroxyl (Champoux, 

2001). The DNA relaxation occur through what appears to be controlled rotation of the 

DNA as proposed by (Stewart et al, 1998) in which case the DNA is in contact with the 

enzyme and any rotation may be hindered. 

Alternatively, the enzyme undergoes conformational changes and opens up after the 

DNA nicking to allow for rotation of the DNA. This proposed mechanism appears more 

plausible because there is no hindrance to the DNA rotation (Champoux, 2001).  

Posttranslationally, Topo I can be phosphorylated and its level of phosphorylation correlates 

with enzymatic activity (St-Amant et al, 2006; Pommier et al, 1990).  

 

1.3 Host Immune Responses and Control of Polyomavirus Infection  

As described before, Polyomavirus infections in general are asymptomatic in immune 

competent hosts but symptoms in the host manifest under immuno-compromised 

conditions. How the host keeps polyomavirus infection under control by host competent 
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immune surveillance has been the subject of many studies (Du Pasquier and Koralnik, 2003; 

White et al, 2013). These studies report that immune competent hosts produce 

polyomavirus-specific immune cells that prevent the replication and reactivation of the 

viruses in infected immune competent hosts and consequently reduces the risks of 

manifestation of polyomavirus-associated symptoms or enhance survival after onset of 

symptoms, for example, in case of JCV-induced PML (Du Pasquier et al., 2001, 2003, 2004; 

Koralnik et al., 2001, 2002; Du Pasquier and Koralnik, 2003; White et al, 2013). Recently, 

research that employed the measurement of interferon-γ (IFN-γ) as an estimation of the 

BKV-killing strength of the virus-specific immune cells revealed that BKV-specific killer 

T cells bring about clearance of the virus after infection and that higher expression of killer 

T cells correlates well with protection from BKV-induced nephropathy in renal transplant 

recipients (Menter et al, 2013; Weist et al, 2014, 2015; Dekeyser et al, 2015; Satyanarayana 

et al, 2014) Furthermore in these studies, it was reported that the expression levels of the 

BKV-specific immune cells can reveal information about the patients receiving kidney or 

hematopoetic stem cell transplants and whether they are more at the risk of developing 

PVAN or hemorrhagic cystitis than other patients (Dekeyser et al, 2015; Satyanarayana et 

al, 2014; Schachtner et al, 2015; Comoli et al, 2013; Du Pasquier and Koralnik, 2003; White 

et al, 2013; Abend et al, 2007).  In both JCV and BKV, viral clearance and immunity against 

the viruses is mediated by the virus-specific CD4+ and CD8+ T cells through mechanisms 

that is not well understood yet (Du Pasquier et al, 2004; Gheuens et al, 2011; Berger et al, 

2013; Haghikia et al, 2011; Jelic et al, 2013; Sundqvist et al, 2014; Whitmire, 2011; Menter 

et al, 2013). Also, BKV replication and reactivation is inhibited by IFN- γ (Dekeyser et al, 

2015; Schachtner et al, 2015; Comoli et al, 2013). 

 

1.4 Pharmaceutical Agents for the Treatment of Polyomavirus Infections 

Nucleoside analogs have become popular shortly after they were first proposed as 

potential antiviral agents (Schaeffer et al, 1978). These analogs were subsequently found to 

possess antiviral activities (Schaeffer et al, 1978; Bringden et al, 1981; De Clercq et al, 

1986). Since then, these analogs have been extensively studied and have successfully been 

used in clinical trials and for the treatment of viral infections such as herpes simplex virus 

(HSV), cytomegalovirus (CMV), hepatitis B virus (HBV), and hepatitis C virus (HCV) 

infections (De Clercq et al, 1987; Snoeck et al, 1988; De Clercq and Holy, 2005; De Clercq, 

2003a, 2003b, 2007, 2013). The most important and frequently used nucleoside analogs are 



Chapter 1 

 

40 
 

deoxy-guanosine analog, 9-[(2-hydroxyethoxy)methyl]guanine (acyclovir or ACV), and 

acyclic nucleoside phosphonates (ANPs) such as (S)-1-[3-hydroxy-2-(phosphono-

methoxy)propyl]cytosine) (HPMPC) (cidofovir or CDV) and (S)-9-[3-hydroxy-2-

(phosphono-methoxy)propyl]adenine) (HPMPA), among others (Schaeffer et al, 1978; 

Bringden et al, 1981; Collins, 1983; Collins and Oliver, 1985; De Clercq et al, 1986, 1987; 

Snoeck et al, 1988; Reardon, 1989; Reid et al, 1988). 

 

1.4.1 Acyclovir  

Structurally, acyclovir (ACV) differs from cidofovir (CDV) in that ACV is a 

nucleoside analog whereas CDV is a nucleoside monophosphate analog and the 

consequence of this structural difference is that the two prodrugs are metabolized to their 

active metabolites by the activities of different enzymes.  The first phosphorylation step that 

converts ACV to its monophosphate (ACV-P) is catalysed by HSV-encoded thymidine 

kinase, TK, before human-encoded kinases including nucleoside diphosphate kinase, 

pyruvate kinase, creatine kinase, phosphoglycerate kinase, succinyl-CoA synthetase, 

phosphoenolpyruvate carboxykinase and adenylosuccinate synthetase phosphorylate the 

ACV-P to acyclovir diphosphate (ACV-PP) and subsequently to its active triphosphate 

metabolite (ACV-PPP), which forms a substrate for the viral DNA polymerase (Miller and 

Miller, 1982; Ho  et al, 1992). 

 

 1.4.2 Cidofovir and Derivatives: Application, Metabolism and Mechanism of Action 

The design of CDV means that the metabolism of CDV, as opposed to the metabolism 

of ACV, does not require the kinase activity of virus-encoded thymidine kinase. That way 

CDV is readily metabolized to its active metabolite, CDV-PP, through two-steps anabolic 

phosphorylations that are catalyzed by cellular kinases (Cihlar and Chen, 1996; Miller and 

Miller, 1982; Ho et al, 1992). Pyrimidine nucleoside monophosphate kinase catalyzes the 

first step to yield CDV-P, and either pyruvate kinase, creatine kinase or nucleoside 

diphosphate kinase, which catalyze the second phosphorylation, to yield CDV-PP. The latter 

is a dCTP analog and most likely the inhibitory metabolite (Cihlar and Chen, 1996; Miller 

and Miller, 1982; Ho et al, 1992; Xiong, et al, 1996, 1997; Votruba et al, 1987; Krejèová et 

al, 2000a, 2000b).  



Chapter 1 

 

41 
 

The nucleotide analog CDV has been extensively studied in CMV and vaccinia virus 

and as such, the mechanisms of action of the analog against the DNA polymerases encoded 

by these viruses have been determined (Xiong et al, 1997; Magee et al, 2005, 2008; Andrei 

and Snoeck, 2010; Andrei et al, 2015). Importantly, the mechanism, which is reported for 

the inhibitory activity of CDV against CMV, slightly varies from the mechanisms of 

inhibition determined for vaccinia virus. The active CDV metabolite, CDV-PP, competes 

with dCTP for the incorporation into newly synthesised DNA by CMV-encoded DNA 

polymerase (Xiong et al, 1997). The incorporation of a single CDV molecule does not 

completely inhibit the incorporation of further nucleotides but lowers the rate of 

incorporation of additional nucleotides by 31%. Moreover, the incorporation of two 

consecutive CDV molecules or two CDV molecules spaced by one or two nucleotides at the 

3’ end of the primer by the CMV DNA polymerase causes chain termination. Nota bene, 

such a 3’ end of the primer is conferred with resistance to the 3’ – 5’ exonuclease activity 

of the CMV DNA polymerase (Xiong et al., 1997).  In vaccinia virus, the affinity of the 

viral DNA polymerase for CDV-PP is low relative to its affinity for dCTP but upon 

incorporation, a CDV terminated primer is a good substrate for incorporation of additional 

dNMP and after such CDV + one dNMP incorporation, the rate of incorporation of further 

nucleotide is reduced and the 3’ – 5’ exonuclease activity of the vaccinia DNA polymerase, 

coded by the vaccinia E9L gene, is blocked (Magee et al., 2005). In addition, the E9L DNA 

polymerase is unable to incorporate dNTP past CDV in a CDV-containing template causing 

inhibition of another round of DNA synthesis (Magee et al., 2008). 

The fact that CDV is metabolized by cellular kinases without the requirement of the 

virus-encoded kinase makes it the most suitable agent for the treatment of infections due to 

viruses that do not encode thymidine kinases and through to this, the analog shows broad-

spectrum of antiviral activities (De Clercq et al, 2005; De Clercq, 2003a, 2003b, 2006, 2007, 

2011, 2013; Andrei and Snoeck, 2010; Andrei et al, 2015). CDV has been shown to inhibit 

variola and monkey pox viruses in cell culture (Baker et al, 2003) and to have conferred 

prophylactic protection to mice from a lethal dose of ectromelia, vaccinia, or cowpox viruses 

(Bray et al, 2000; Buller et al, 2004). The analog has also been shown to inhibit 

polyomavirus DNA replication in cell culture (Bernhoff et al, 2008; Topalis, et al, 2011).  

CDV was approved with the trade name vistidine, by the FDA, for the treatment of 

CMV infections in HIV patients. It has also been used without approval for the treatment of 

other viral infections such as herpes simplex virus, HSV, human pappiloma viruses, HPVs, 

parapox virus and poylomaviruses, among others (Lalezari et al, 1998; De Clercq 2004, 
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2005, 2007; De Clereg et al, 2007; Andrei et al, 1997, 2015; Bjorang et al, 2002; Keller et 

al, 2003 Ramos et al, 2009; Garces, 2010). Although CDV has shown broad-spectrum 

antiviral effects, it has its limitations. The analog can only be administered intravenously 

with low cellular uptake resulting in a low bioavailability (Shackleford et al, 2007). The 

analog has been shown to accumulate in the kidney yielding nephrotoxicity (Cundy, 1999).  

A variety of modifications have been introduced to CDV with the aim to overcome 

these limitations as previously mentioned. Such modifications include cyclization of CDV 

to form cyclic CDV (cCDV) derivative, substitution of the carbon at position 5 of the 

pyrimidine ring with an aza group to form CDV-5-aza (aCDV) and cyclic -5aza CDV 

(acCDV), and conjugation of the CDV and its other derivatives to fatty-ester to form fatty-

ester derivatives such as hexadecyloxypropyl (HDP)-CDV (also called brincicofovir) and 

hexadecyloxyethyl (HDE)-acCDV (Krecmerová et al, 2007; Painter and Hostetler, 2004; 

Mendel et al, 1997; Beadle et al, 2002; Aldern et al, 2003; Hostetler, 2010; Andrei et al, 

1997; Andrei et al, 2015). Some of these CDV derivatives, especially the fatty ester linked 

derivatives, are orally administrable and have shown to have an increased bioavailability 

and an increase in efficacy (Krecmerová et al, 2007, 2014; Hostetler, 2009, 2010). The 

reported increase in efficacy for the fatty ester derived CDV was attributed to increased 

cellular uptake and bioavailability due to the intracellular presence of cellular 

phopshodiestrases to cleave the alcohol moiety and to intracellular release CDV, which is 

subsequently converted to the active metabolite by cellular kinases as described for CDV 

above (Krecmerová et al, 2007, 2014; Hostetler, 2009, 2010). 

 

1.4.2.1 Use of Cidofovir for the Management of Polyomavirus-Associated Symptoms 

Many in vitro and in vivo studies have reported that CDV inhibits polyomavirus DNA 

replication but the actual targets and mechanism of action of the analog in polyomavirus 

treatment are not yet understood. Notwithstanding that the mechanism and targets of CDV 

are still unknown, the analog has been used to manage polyomavirus reactivation and 

progression of diseases in immuno-compromised patients (Garces, 2010; Trofe et al, 2003; 

Kadambi et al, 2003; Lipshutz et al, 2005; Vats et al, 2003). Unravelling the mechanism of 

action of CDV and its derivatives against polyomaviruses has become imperative because 

the analog and its derivatives have been used without approval for the treatment of 

polyomavirus infections and also for some of the subsequently enumerated reasons (Garces, 

2010; Trofe et al, 2003; Kadambi et al, 2003; Lipshutz et al, 2005; Vats et al, 2003). CDV 
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has been used to treat polyomavirus symptoms based on the mechanistic information 

obtained from the studies with CMV and vaccinia virus, despite the lack knowledge about 

the effects of CDV on polyomavirus replication to date (Neyts et al, 1990; Xiong et al, 

1997; Magee et al, 2005; Magee et al, 2008; Andrei and Snoeck, 2010; Andrei et al, 2015; 

De Clercq et al, 2005; De Clercq, 2003a, 2003b, 2006).  

Importantly there are underlying differences between the replication of CMV and 

vaccinia virus as opposed to polyomavirus DNA replication because CMV and vaccinia 

virus encode their own DNA polymerases but the replication of polyomaviruses genome is 

performed by cellular DNA Pol α-primase and Pol δ (An et al, 2012; Bullock 1997; Stenlund 

2003; Waga and Stillman, 1994). Furthermore, the active CDV metabolite, CDV-PP, is 

reported to inhibit DNA replication by competing with dCTP for incorporation by DNA 

polymerases. Although CDV-PP is a poor substrate to the viral DNA polymerases the 

affinity of the viral DNA polymerases for metabolite is higher than the affinity of cellular 

replicative DNA polymerases for CDV-PP (Xiong et al, 1997; Magee et al, 2005; Magee et 

al, 2008). Thus it is not a surprise that the results obtained for the effects of CDV on human 

polyomaviruses have yielded contradictory outcomes: although some reports have observed 

reduction in polyomavirus-associated symptoms in infected patients (Lim et al, 2003; 

Kuypers et al, 2005; Bernhoff et al, 2008; Farasati et al, 2005; Ramos et al, 2009; Topalis 

et al, 2011; Kadambi et al, 2003; Lipshutz et al, 2005; Vats et al, 2003), others reported a 

lack of antipolyomaviral activity of CDV (Garces, 2010; Trofe et al, 2003; Wadei et al, 

2006). In addition, a study to evaluate the effects of the drug in patients diagnosed with 

PVAN, reported that the introduction of CDV did not lead to a reduction of viral loads 

(Garces, 2010; Trofe et al, 2003; Wadei et al, 2006).  

In contrast, the withdrawal or reduction of immunosuppressive therapies have been 

shown to restore immune competence in polyomavirus-infected patients which resulted in 

a reduction of viral loads (Wali et al, 2008). Since the administration of these analogs was 

often accompanied simultaneously by a reduction or ending of immune compromising 

therapies it is very difficult to delineate specifically the contributions of withdrawal of 

immune suppressants and that of administration CDV to the observed result. Moreover, this 

simultaneous change in two administrations makes it impossible to associate any positive 

results with the CDV administration of the patients (Lipshutz et al, 2005; Vats et al, 2003; 

Garces, 2010; Trofe et al, 2003; Garces, 2010; Trofe et al, 2003; Wadei et al, 2006, Bjorang 

et al, 2002; Wali et al, 2008). 
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1.5 Aims and Objectives of Studies 

Recent studies have shown widespread presence of a number of polyomaviruses in the 

human population and polyomavirus reactivation in immune-compromised humans has 

caused severe diseases in these patients. However, no drugs have been clinically approved 

yet for the treatment of polyomavirus-associated symptoms. Albeit, several nucleotide 

analogs have been described to inhibit polyomavirus replication in human cells but the 

mechanism of action of these analogs on the polyomavirus DNA replication has not been 

discovered.  

This thesis aims to elucidate the mechanism of inhibition of selected nucleotide analogs 

on the replication of polyomavirus DNA. This work further aims to delineate the different 

components of the replication machinery that are targets of these analogs through the use of 

biochemical assays.  The thesis also aims to determine the concentrations of the analogs for 

optimal inhibition of in vitro replication of polyomavirus DNA and to evaluate the 

susceptibility of polyomavirus species to the analogs. 

The thesis also aims to optimize the expression and purification of recombinant cellular 

and polyomavirus proteins used for the replication of the viral DNA. 
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2.1 Materials 

2.1.1 Equipment and Suppliers 

 Centrifuges 

High speed centrifuges; Avanti J-20 centrifuge, Beckman, USA. 

Ultra centrifuge; Sorvall Discovery M120 SE centrifuge Thermo Scientific,  

Desktop centrifuge; Mikro 200, Hettich Zenfrugen, Germany. 

Cool desktop centrifuge; Microfuge R 22R Beckman Coulter, Germany 

Cell centrifuge; Rotanta 460, Hettich Germany 

 Fume hood for chemicals; Chemical Systems Control (CSC), Ireland 

 Tissue culture hood; Telstar Bio II Advance, Spain  

 Freezers 

Fridge-freezers; Bosch, Ireland 

-20°C freezer; Indesit TZAA10 Freeze indesit, Ireland 

-80°C Freezer; U725-G, New Brunswick Ultra Low temperature freezer, an  

Eppendorff Company, Germany 

 Heat block; Thermo Block TDB-120, A. Hartenstein, Germany 

 Weighing balances 

 Micro weighing balance; APX-100, Mason technology, Denver Instrument, USA. 

 Weighing balance; Ohaus® ARC120, Ohaus® Adventurer® balance, Sigma  

Aldrich, Ireland. 

 Imagers: 

Phosphoimager; FujiFilm LA 5100, FujiFilm Europe, Germany 

Biorad imager; PharosFX™ and PharosFX Plus Systems - Bio-Rad, UK. 

 Western blot x-ray film developer; AGFA CP 1000, AGFA Healthcare, Germany. 

 X-ray films; Konica Minolta medical and graphic imaging, The Nertherlands. 

 Phosphoimager Screens; Fuljifilm Imager screens, Fujifilm Europe (Düsseldorf,  

Germany and Kodak Imager screens, Sigma Aldrich, UK. 

 Incubators 

Humidified incubator at 37°C and 5% CO2; Nauire TM US autoflow, USA 

Insect cell line incubator; Heraeus Mason, IBR, Germany 

Bacterial incubator; Heraeus Mason, IBR, Germany. 

 Shaker incubator; Innova R, 44 New Brunswick Scientific, Germany 

 Chromatography columns and taps; Thermo Scientific, Ireland. 

 Electrophoretic apparatus 

 Horizontal DNA gel electrophoresis; Wide mini sub cell GT, Biorad, USA  

 Vertical DNA gel electrophoresis; Hoefer, SE 260, San Francisco, USA and  

PerfectBlue TM vertical Double gelsystems, peQlab, Germany 

 Vertical protein gel electrophoresis; Hoefer, SE 250, San Francisco, USA  

 Power supply; Micro computer electrophoresis power supply, Consort, Germany  

or Biorad Power pack HC TM, UK 

 Transfer apparatus 

 I-transfer; Pierce G2 Fast Blotter, Thermo Scientific, Ireland 

 Mini transfer blot; Bio Rad, UK 

 Dounce homogenizer; Wheaton USA 
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 Sonifier; Digital Sonifier, Branson, UK 

 Mili Q water dispenser; Purelab Flex ELGA, Ireland 

 Scintillation Counter; Tri-Crab 2900 TR, Perkin Elmer, USA. 

 Scintillation vials; Liquid scintillation vials, plastic, 20 mL vol, 24 mm; cap,  

polyethylene without liner, Sigma Aldrich, UK 

 Micro fibre glass filter papers; Whatman® glass microfiber filters, binder free,  

Grade GF/C. Fisher Scientific, UK 

 

2.1.2 Chemicals, Kits and Solutions 

Chemicals. All chemicals were purchased from Sigma Aldrich, Ireland, except otherwise 

stated. 

Restriction endonucleases and DNA ligase. All restriction endonucleases and DNA 

ligases were purchased from New Englab Biolabs, UK, unless otherwise stated. 

Plasmid Extraction Kits. All plasmid miniprep kits were purchased from Sigma Aldrich, 

Ireland while mididprep kits were purchased from Quiagen. 

Radioactive nucleotides. Perkin Elmer, Belgium. 

Non Radioctive nucleotides. These were purchased from either Sigma Aldrich, GE 

Helathcare or Roche, unless otherwise stated. 

Sterile plastic wares. All sterile plastic wares were purchased from  

Cell culture flasks and dishes. All cell culture flasks were purchased from SARSTEDT, 

Ireland whereas dishes were products of Corning purchased from Sigma Aldrich, Ireland, 

unless stated otherwise. 

Petri dishes. All petri dishes were product of Corning purchased from Sigma Aldrich, 

Ireland. 

Scintillation Liquid. Purchased from Beckman Coulter, USA 

2.1.3 Buffers and Solutions 

Lysogeny broth medium. 1 litre- 5 g Yeast extract, 10 g Tryptone, 10 NaCl. 

Tris-Acetate EDTA (TAE) buffer (1x). 40 mM Tris, 20 mM acetic acid, 1 mM Na2EDTA 

Phosphate-buffered saline (PBS). 137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM 

KH2PO4. 

Ethidium Bromide stock solution. 10 mg/mL in water 

Safe gel stock solution. 10, 000X in water 
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Agarose Gel loading buffer (6x). 60% Glycerol, 10 mM Tris-HCl pH 7.6, 60 mM EDTA, 

0.03% Bromophenol Blue, 0.03% Xylene Cyanol FF. 

Protein Gel loading buffer (4x). 4x 200 mM Tris-HCl pH 6.8, 8% (w/v) SDS, 40% (v/v) 

Glycerol, 40% (v/v) β-mercaptoethanol, 0.1% Bromophonol blue  

Denaturing DNA loading buffer (2x). 95% Formamide, 20 mM EDTA pH 8.0, 0.025% 

Xylene Cyanol 0.025% Bromophenol blue. 

SDS-PAGE gel running buffer (1x). 25 mM Tris base, 192 mM glycine, 0.1% SDS 

Coomassie staining. 0.1% Coomassie Blue R250, 10% acetic acid, 50% methanol, 40% 

water. 

PBS-Tween 20 (PBST). 0.25% Tween 20 in PBS 

Blocking buffer. 5% low fat milk in PBST 

Antibody dilution buffer. 10% FBS in PBST 

  

2.1.4 Services 

DNA sequencing services. LGC Genomics, Germany provided DNA sequencing 

Oligonucleotide synthesis. Primers were synthesized by either Eurofins (MWG, Germany) 

or Sigma Aldrich, Ireland 

 

2.1.5 Primers 

63-mer DNA synthesis template strand 1: 5′-GTT CAA CCA GAT ATT GAA GCA GAA 

CGC AAA AAG AGA GAT GAG ATT TAG GCT GGG AAA AGT TAC-3′ 

33-mer DNA synthesis template strand 2:  5′- GTC ACT CAT AGG ATT TAG GCT GGG 

AAA AGT TAC-3’. 

22-mer Helicase substrate primer: 5’-GTAACTTTTCCCAGCCTCAATC-3’. 
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2.1.6 Recombinant Plasmid DNA and Baculoviruses 

 

Table 1: Plasmid DNA and Primers Used in this Study 

 

 

 

 

 

Recombinant DNA Genotype Source 

pUC-18 Ampicillin resistance plasmid 

with bacteria origin of replication 

Yanisch-Perron, et al, 

1985 

pUC-HS pUC19 with SV40 origin insert Dornreiter et al. 1992 

pJC-433 pUC18 with JCV origin insert Nesper et al, 1997; Smith 

and Nasheuer, 2003 

pUC-BKV pUC18 with BKV origin insert Mahon et al, 2009 

p180 recombinant 

baculovirus 

Baculovirus expressing 

polymerase 180 kDa subunit 

Stadlbauer, et al, 1994 

p68 recombinant 

baculovirus 

Baculovirus expressing 

polymerase 68 kDa subunit 

Stadlbauer, et al, 1994 

p58 recombinant 

baculovirus 

Baculovirus expressing primase 

58 kDa subunit 

Stadlbauer, et al, 1994 

p48 recombinant 

baculovirus 

Baculovirus expressing primase 

48 kDa subunit 

Stadlbauer, et al, 1994 

hTopoI recombinant 

baculovirus 

Baculovirus expressing 

recombinant human 

topoisomerase I 

Stewart, et al, 1997; Soe et 

al, 2001 

SV40 TAg recombinant 

baculovirus 

Baculovirus expressing SV40 

TAg 

Lanford, 1988 

BKV TAg recombinant 

baculovirus 

Baculovirus expressing BKV 

TAg 

Tikhanovich and 

Nasheuer, 2010 

Flag-BKV TAg 

recombinant baculovirus 

Baculovirus expressing flag 

tagged BKV TAg 

Tikhanovich and 

Nasheuer, 2010 

JCV TAg recombinant 

baculovirus 

Baculovirus expressing JCV TAg Nesper et al, 1997 

pT7hPCNA Plasmid expressing PCNA under 

T7 promoter 

Schurtenberger et al, 1998 

pET-15-p14-p32-p70-

RPA 

pET15 plasmid expressing the 14, 

32 and 70 kDa subunits of human 

replication protein A, with the p70 

subunit being His-tagged 

Weisshart et al, 2000 
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2.1.7 Bacterial Strains and Eukaryotic Cell Lines  

Table 2. Bacterial Strains and Eukaryotic Cell Lines  

Bacterial strains and 

eukaryotic cell lines 

Source Usage  

BL21(DE3)pLysS Novagene For RPA and PCNA expressions 

Top 10 Invitrogen Plasmid production 

HeLa S3 cells ATCC Replication extracts production 

High five insect cells ATCC Recombinant baculovirus protein 

expression 

Sf9 insect cells ATCC Recombinanat baculovirus amplification  

 

 

2.1.8. Analogs and Chemical Agents Studied 

Table 3. Nucleotide Analogs and other Drugs Used in this Study 

Drug name Name & Abbreviation Structure Source 

CMX001 

HDP-HPMPC 

HDP-CDV 

 

Hexa-decyloxy-propyl 

cidofovir 

(Brincidofovir) 

 

 Chimerix Inc. 

and Insight 

Biotechnology 

Ltd (UK) 

CMX021 

(HPMPC) 

 

Cidofovir (CDV) 

 

Chimerix Inc. 

and Dr. M.  

Krečmerová 

(Prague) 

CMX049 

(HPMPC-P) 

Cidofovir 

monophosphate 

(CDVP) 

 

Chimerix Inc. 

CMX048 

(HPMPC-PP) 

Cidofovir diphosphate 

(CDVPP) 

 

Chimerix Inc. 
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2.2 Methods 

 

2.2.1 Culture Techniques 

2.2.1.1 Bacterial Culture 

Bacteria cells were cultured in Lysogeny broth (LB) media supplemented with 100 

μg/mL of ampicillin or the appropriate antibiotics for the selection and incubated at 37°C. 

 

2.2.1.2 Insect Cultures 

Insect cells were cultured in TC-100 media (Lonza) supplemented with 10% heat 

inactivated fetal bovine serum (FBS, Sigma-Aldrich)) at 27°C 

 

2.2.1.3 HeLa Cell Culture 

HeLa cells were cultured in Dulbecco eagle’s minimum medium (DMEM) high 

glucose with L-glutamine (Lonza) supplemented with 10% heat inactivated FBS (Sigma-

CMX004  

(HDP-OH) 

Hexa-decyloxy-

propanol (HDP-OH) 
 

Chimerix Inc. 

HPMPC-5-aza 5-Aza cidofovir 

aCDV 

 

Dr. M.  

Krečmerová 

(Prague) 

Krečmerová et 

al, 2007a 

cHPMPC-5-aza 5-Aza cyclic cidofovir 

acCDV 

 

Dr. M.  

Krečmerová 

(Prague) 

Krečmerová et 

al, 2007a 

HDE- cHPMPC-5-

aza 

Hexa-decyloxy-ethyl- 

5-aza cyclic cidofovir 

HDE-acCDV 

 

Dr. M.  

Krečmerová 

(Prague) 

Krečmerová et 

al, 2007b 

HDE-OH Hexa-decyloxy-ethanol 

(HDE-OH) 
 

Krečmerová et 

al, 2007b 

CMX029 Hexa-decyloxy-propyl-

CDV enatiomer 

Not available  Chimerix Inc. 

 Aphidicolin  Sigma Aldrich 

Mal2-11B Mal2-11B  Sigma Aldrich 
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Aldrich) and 100 μg/mL of streptomycin as well as 100 IU of penicillin at 37°C in an 

incubator with 5% CO2 level. 

 

 

2.2.1.4 Heat Inactivation of Fetal Bovine Serum (FBS) 

FBS was inactivated by heating the frozen serum in a water bath at 37°C and intermittent 

shaking to thaw. Subsequently the thawed serum was heated in water bath at 55°C for 30 

mins with intermittent shaking. Afterwards, the serum was aliquoted in 50 mL falcon tubes 

and stored in -20°C. 

 

2.2.2 Molecular Biology Techniques 

2.2.2.1 Transformation of Competent Cells 

The competent E. coli cells were transformed following standard transformation 

procedures. Precisely, competent cells were thawed on ice and 10 – 20 ng of plasmid DNA 

was added to the cells, and carefully mixed (no Vortexing). The mixture was incubated for 

30 min on ice and then heat-shocked at 42°C for 45 seconds and subsequently quickly 

transferred to ice and 500 μL of LB without antibiotics was added. In the following the 

transformed cells were grown for 30 min before spreading on an LB agar plate with the 

appropriate antibiotic as selection marker. 

 

2.2.2.2. Plasmid Purification and Analyses 

Plasmids for molecular biological experiments were purified using a plasmid 

preparation kit mini (Sigma-Aldrich) and following the manufactorer’s instructions for 

plasmid used for other purposes. Importantly for replication assays, plasmids were purified 

using midi DNA preparations kit of the company QIAGEN and with strict adherence to their 

instructions. For the analyses of the purified plasmids, restriction digestions and agarose gel 

electrophoresis were used. 

2.2.2.3 Horizontal DNA Gel Electrophoresis 

DNA was analysed using agarose gels. The gels, that ranged between 0.8 -1.2% 

depending on the size of DNA to be analysed, were prepared by heating the appropriate 

amount of agarose in 1 X Tris-Acetate-EDTA (Ethylene diamine tetra-acetate) (TAE) buffer 

(containing 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA) in the microwave for 2 – 3 

mins. The melted agarose was allowed to cool slightly above room temperature before being 

poured into the gel mould chamber and allowed to set. When the gel was set, the DNA was 
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electrophoresed using the horizontal gel electrpphoresis chamber and subsequently 

incubated in ethidium bromide water (containing 40 µg/mL ethidium bromide (Sigma)) for 

15 – 20 mins before being visualised in the UV-light. Alternatively, safe gel was used which 

contained 1x of Gelred (Biotium) was added to the cooled melted agarose prior to pouring 

into the gel mould chamber. When the gel was set, the DNA samples were electrophoresed 

as described above. The DNA was visualised under UV-light after electrophoresis.  

 

 

2.2.2.4 Protein Analysis Gels 

Sodium dodecyl-sulphate – polyacrylamide (SDS-PAGE) gel was used for the analysis 

of proteins according to (Laemmli, 1970). The running gels, ranged between 8–15% 

polyacrylamide in accordance with the molecular weight of the proteins to be analysed and 

the stacking gels contained 5% polyacrylamide. Gels were prepared following standard 

protocols. Precisely, the running gel contained 8%, 10%, 12% or 15% polyacrylamide 

(Sigma) depending on the molecular weight of the protein being separated, 375 mM Tris-

HCl, pH 8.8, 0.1% fresh ammonium persulphate (APS), 4 mM N,N,N′,N′-

Tetramethylethylenediamine (TEMED) (Sigma) and the stacking gel contained 5% 

polyacrylamide, 375 mM Tris-HCl, pH 6.8, 0.1% APS, 4 mM TEMED. The electrophoresis 

of the gels was carried out using Hoefer (San Francisco, USA) gel apparatus in 1x running 

buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS), after which the gel was either stained 

with Coomassie brilliant blue for protein analysis or transferred to nitrocellulose or PVDF 

membrane for western blotting. 

 

2.2.2.5 Protein Transfer and Western Blotting 

The SDS-PAGE was performed as described above and the protein gel was transferred 

to nitrocellulose or PVDF membrane following standard protocols. When PVDF 

membranes were used, the membrane was pre-incubated in methanol for 1–5 seconds prior 

to advancing to the transferring step. The protein transfer was done wet (using Biorad 

transfer apparatus in 1x transfer buffer (25 mM Tris base, 192 mM glycine, 20% methanol) 

continuously stirred in the cold) or semi-dry (using Thermos Scientific Pierce G2 fast blotter 

and Pierce 1-Step buffer). After the transfer was completed, the membrane was blocked in 

5% low fat milk (Tesco) dissolved in 1x PBS with 0.5% Tween 20 (1x PBS-T) for 30 – 60 

mins before incubating the membrane with gentle rocking in primary antibody diluted in 1x 

PBS that contained 5% FBS for 1–2h at room temperature or overnight in the cold room. 

Following the incubation with the primary antibody, the membrane was washed three times 
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for 15 mins each in PBS-T and subsequently incubated for 1 h at room temperature in the 

5% low fat milk-PBS-T-diluted corresponding secondary antibody conjugated to horse-

raddish before being washed three times, 5 min each, in PBS-T. Following the washes, the 

membrane was incubated in 1:1 volumes of ECL buffer solutions 1 and 2 (Perkin Elmer) 

for 2 mins before being exposed, for various times, to x-ray films (Konica Minolta) that was 

subsequently developed for detection in film developer CP100 (Agfa). 

 

 

2.2.2.6 Coomassie Brilliant Blue Staining of Protein Gels 

The SDS gels were stained with Coomassie Brilliant blue (0.1% Coomassie Brilliant 

Blue R250, 10% acetic acid, 50% methanol, 40% water) for 15–30 min and was 

subsequently destained using destaining solution (10% acetic acid, 50% methanol, 40% 

water) for 1 – 2 h. 

 

2.2.3 Preparation of HeLa S100 Extract 

HeLa cells were seeded in 100 mm by 150 mm cell culture dishes (Corning) and grown 

in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% heat inactivated 

FBS and 1x penicillin-streptomycin solution (containing 100 μg/mL of streptomycin and 

100 IU of penicillin). When the HeLa cells reached between 85–90% confluency 

(logarithmically growing cells), they were in optimal conditions for the preparation of the 

S100 replication extracts which was done as described in (Brückner et al, 1995) with slight 

modifications. Precisely, cells were quickly washed twice with ice-cold phosphate-

buffered-saline (137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4) and once 

with ice-cold S100 extraction buffer (20 mM HEPES/KOH pH 7.8; 5 mM KCl; 100 mM 

NaCl; 1.5 mM MgCl2; 0.1 mM DTT) without protease and phosphatase inhibitors, aspirating 

the S100 buffer very rapidly. The cells were then washed once again with protease and 

phosphatase inhibitors cocktail-containing-S100 buffer and subsequently allowed to swell 

(swelling was determined under light microscope). When the cells were swollen, they were 

scrapped using cell scrapers while holding the dish in slanting position and the scrapped 

cells were collected in ice-cold falcon tube before being transferred into an ice-cold dounce 

homogenizer and gently homogenized with 20 – 25 strokes of loose pestle. The homogenate 

was incubated in ice-cold falcon tube for 30 minutes with gentle mixing by inverting the 

tube at 5 minutes interval. After the incubation on ice, the homogenate was aliquoted into 

1.5 ml eppendorf tubes and the cell debris cleared by spinning at 30,000 RPM for 30 minutes 
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at 4ºC in S45-A rotor using Sorvall Discovery M120 SE centrifuge (Thermo Scientific). 

The supernatant was collected and NaCl added to a final concentration of 100 mM using 

5000 mM NaCl stock. Afterwards the supernatant was spun at 35,000 RPM for 45 minutes, 

after which the supernatant was pooled very gently to avoid dislodging the impurities at the 

bottom of the tubes and the collected supernatant was optionally dialysed in dialysis buffer 

(20 mM HEPES-HOH pH 7.8; 100 mM NaCl; 1 mM DTT; 10% glycerol; 1x phosphatase 

and protease inhibitor cocktail) for 1 h before being flash-frozen in drops in liquid nitrogen 

and stored in -80ºC. Alternatively, the dialysis step was omitted and which did not alter the 

activities of the extract. In the next step the protein concentration of the replication extract 

was quantitated using Bradford protein quantification assay (Bradford, 1976) and then its 

activity determined using DNA synthesis assay as described previously. Also, activity of 

the replication extracts was determined by assaying their ability to support the replication 

of polyomavirus DNA as described in the in vitro polyomavirus DNA replication section. 

 

2.2.4 Protein Expression, Purifications and Characterizations 

 

2.2.4.1 Purification of SV40 Large Tumor Antigen  

High-five insect cells were seeded to a concentration of 2.5 – 3*107 cells per T175 

flasks and grown in TC100 insect medium (Lonza) supplemented with 10% heat inactivated 

FBS at 27ºC. The cells were allowed to attach for 1-2 h and the media was changed prior to 

infecting the cells with 10 PFU (plaque forming unit) of the recombinant baculovirus 

expressing SV40 TAg and incubated at 27ºC. Cells were harvested 44 h post-infection, 

shaken off and collected in a Hettich cell centrifuge at 1,200 rpm for 5 minutes and washed 

twice in 25 ml of PBS. The cell pellets were stored in -80ºC.  

The TAg purification protocol was adopted from the WT BKV TAg purification 

protocol according to (Tikhanovich et al, 2011) and JCV TAg purification in (Nesper et al, 

1997) with slight modifications. Pellets of the infected insect cells were taken from       -

80ºC and thawed on ice. Then they were re-suspended in 3 ml lysis buffer (100 mM Tris-

HCl pH 7.5, 100 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 0.05 % NP-40) per 1 g of cell pellet 

and they were subsequently homogenized in ice-cold dounce homogenizer (20 strokes with 

tight pestle). After which the homogenate was cleared at 30,000 xg for 30 min at 4ºC using 

JA-17 rotor in an Avanti J-20 centrifuge (Beckman). The supernatant was transferred into a 

15 ml Falcon tube containing 1 ml bed volume of either Nickel or Talon resin (Sigma 

Aldrich and GE Healthcare, respectively), that was pre-equilibrated in wash buffer 1 (20 
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mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol). The recombinant 

protein was then bound to the resin for 1-1.5 h at 4ºC with gentle rotation.  

After the binding, the flow through was collected and the resin was washed three times 

with 10 volumes of wash buffer 1, twice with 5 volumes of wash buffer 2 (20 mM Tris-

HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol, 0.5 % thesit (Sigma Aldrich)) and 

twice with 10 volumes of wash buffer 3 (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 

2-Mercaptoethanol, 5 mM Imidazole) and subsequently eluted in 0.5 ml of elution buffer 

(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol, 500 mM Imidazole). 

The fractions were tested for protein with qualitative Bradford assay in microtiter plates and 

fractions showing a more intense colour change in the assay were pooled together according 

to their intensities and dialysed overnight at 4ºC against dialysis buffer (10 mM HEPES-

KOH pH 7.8, 5 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 30 % glycerol). Alternatively, all 

the fractions were combined and dialysed as described above before being concentrated 

using 10kDa molecular weight cut-off Vivaspin (Sartorius). Afterwards, the purity and 

concentrations of the dialyzed and or concentrated fractions were determined using 

Bradford protein assay, SDS PAGE and Coomassie Brilliant Blue protein staining, and 

western blotting.  

 

2.2.4.2 Purification of JCV Large Tumor Antigen  

High-five insect cells were seeded and treated as previously described for the 

purification SV40 TAg and infected with 10 PFU (plaque forming unit) of recombinant 

baculovirus expressing the JCV TAg. Harvesting was done after 44 h as previously 

described.  JCV TAg purification was in accordance with previously described protocol 

(Nesper et al 1997) with slight alterations. The pellets taken from -80ºC were thawed on ice 

and re-suspended in 3 ml lysis buffer (100 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM KCl, 

0.5 mM MgCl2, 0.05 % NP-40) per 1g of the pellets and was subsequently homogenized in 

ice-cold dounce homogenizer (20 strokes with tight pestle). The homogenate was cleared at 

30,000 xg for 30 min at 4ºC using JA-17 rotor in an Avanti J-20 centrifuge (Beckman). The 

supernatant was bound in a 15 ml falcon tube for 1-1.5h at 4ºC and with gentle rotation, to 

1 ml bed volume of either Nickel or Talon resin (Sigma) pre-equilibrated with wash buffer 

1 (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol). After the binding, 

the flow through was collected and the resin washed thrice with 10 volumes of wash buffer 

1, twice with 5 volumes of wash buffer 2 (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 
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2-Mercaptoethanol, 0.5 % thesit) and twice with 10 volumes of wash buffer 3 (20 mM Tris-

HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol, 5 mM Imidazole) and 

subsequently eluted in 0.5 ml of elution buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 

3.5 mM 2-Mercapto ETOH, 500 mM Imidazole). The fractions were tested for protein with 

Bradford and the more intense fractions were pooled together according to their intensities 

and dialysed overnight at 4ºC in dialysis buffer (10 mM HEPES-KOH pH 7.8, 5 mM NaCl, 

1 mM DTT, 0.1 mM EDTA, 30 % glycerol).  As an alternative, all the pooled fractions were 

combined and dialysed in the dialysis buffer before being concentrated using 10 kDa 

molecular weight cut-off Vivaspin (Sartorius). Afterwards, the purity and concentrations of 

the dialyzed and or concentrated fractions were determined using Bradford, SDS PAGE 

followed by Coomassie staining and western blotting. 

 

2.2.4.3 Purification of Wild-type BKV Large Tumo 

2.2.4.4 r Antigen  

High-five insect cells were treated as described previously before being infected with 

10 PFU (plaque forming unit) of the recombinant baculovirus expressing non-tagged BKV 

TAg and incubated at 27ºC. Cells were harvested 44 h post-infection, as previously 

described and stored in -80ºC. WT BKV TAg purification was performed in accordance 

with (Tikhanovich et al, 2011) 1 with slight alterations. The pellets taken from -80ºC were 

thawed on ice and re-suspended in 3 ml lysis buffer (100 mM Tris-HCl, pH 7.5, 100 mM 

NaCl, 5 mM KCl, 0.5 mM MgCl2, 0.05% NP-40) per 1 g of the pellets and was subsequently 

homogenized in ice-cold dounce homogenizer (20 strokes with tight pestle). After which 

the homogenate was cleared at 30,000xg for 30 mins at 4ºC using JA-17 rotor in Avanti J-

20 centrifuge (Beckman). The supernatant was bound, in 15 ml falcon tube for 1-1.5h at 4ºC 

and with gentle rotation, to 1 ml bed volume of either Nickel or Talon resin (Sigma) pre-

equilibrated with wash buffer 1 (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-

Mercaptoethanol). After the binding, the flow through was collected and the resin washed 

thrice with 10 volumes of wash buffer 1, twice with 5 volumes of wash buffer 2 (20 mM 

Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol, 0.5% thesit) and twice with 

10 volumes of wash buffer 3 (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-

Mercaptoethanol, 5 mM Imidazole) and subsequently eluted in elution buffer (20 mM Tris-

HCl, pH 8.0, 100 mM NaCl, 3.5 mM 2-Mercaptoethanol, 500 mM Imidazole). The fractions 

were tested for protein with Bradford and the more intense fractions were pooled according 

to their concentrations and dialysed overnight at 4ºC in dialysis buffer (10 mM HEPES-



Chapter 2 

 

58 
 

KOH, pH 7.8, 5 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 30% glycerol). Alternatively, the 

dialysed fractions were pooled and concentrated using 10kDa molecular weight cut-off 

Vivaspin (Sartorius). Afterwards, the purity and concentrations of the dialyzed and or 

concentrated fractions were determined using Bradford, SDS PAGE followed by Coomassie 

staining and western blotting. 

 

2.2.4.5 Purification of FLAG – Tagged BKV Large Tumor Antigen  

Cells were prepared as previously described for TAgs before being infected with 10 

PFU of the FLAG–tagged BKV TAg – expressing baculovirus stocks, harvested 44 h post 

infection and stored as previously described. Purification of the protein was done as 

described by (Tikhanovich et al, 2011) with slight modifications. The frozen cell pellets 

were thawed on ice and re-suspended in lysis buffer (100 mM Tris-HCl pH 7.5, 100 mM 

NaCl, 5 mM KCl, 0.5 mM MgCl2, 0.05% NP-40, 10% glycerol, 1x protease inhibitor), 

dounce-homogenised with 20 strokes of tight pestle in dounce-homogeniser and the cell 

debris were removed at 30,000xg at 4°C. The supernatant was subsequently bound for 1.5 

h at 4°C to flag resin previously prepared by incubation in buffer A (100 mM glycine-HCl 

pH 3.5) for 5 min before being equilibrated in wash buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl). After the binding, the resin was washed with 20 column volumes of wash buffer 

1, 20 column volumes of wash buffer 2 (50 mM Tris-HCl, pH 7.5, 300 mM NaCl), and with 

20 column volumes of wash buffer 3 (50 mM Tris-HCl, pH 7.5, 50 mM NaCl), before being 

eluted in elution buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 225 µg/mL flag peptide 

(Sigma). The fractions were pooled and dialysed in 20 mM HEPES-KOH pH 7.8, 50 mM 

NaCl and 10% glycerol overnight and was subsequently concentrated using vivaspin 10 

MWCO and quantitated using Bradford assay. 

 

2.2.4.6 DNA Polymerase α-Primase Expression and Purification 

High five cells were seeded to a density of 2.5*107 cells/T175 flask in 10 – 12 flasks 

1-2 h prior to infection in the appropriate media as previously described for SV 40 TAg.  

Then 10 PFU of each baculovirus stock expressing one of the subunits of DNA polymerase 

α-primase (p180, p70, p58 and p48) was used to infect the high five cells and incubated at 

27 ºC for 48 h, after which the cells were harvested, washed in PBS and stored in -80ºC 

until purification.  
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The DNA polymerase α-primase was purified according to (Nasheuer and Grosse, 1987 

and 1988) with some modifications. The cell pellets were thawed and resuspended in 

extraction buffer (Tris-HCl pH 7.5, 100 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 0.1% NP-

40, 2 mM EDTA, 1 mM DTT, 0.5 mM PMSF) and dounce homogenized with 20 strokes of 

tight pestle before spinning at 20,000xg to remove cell debris. Subsequently, the supernatant 

was bound to 10 ml bed volume of phospocellulose (PC11) equilibrated with PC-wash 

buffer (100 mM KPi pH 7.2, 1 mM EDTA, 2 mM 2-Mercaptoethanol) for 1 h before three 

times with washing with the PC-wash buffer. After the washing, the protein is eluted in 

fractions in 5 ml of elution buffer (500 mM KPi, pH 7.8, 1 mM EDTA, 1 mM Na2S2O5, 2 

mM 2-Mercaptoethanol). Using a modified qualitative Bradford assay, the fractions with 

protein were determined. The most intense fractions were pooled and dialyzed for 2 h in 

PC-dialysis buffer (50 mM KPi pH 7.5, 1 mM EDTA, 1 mM Na2S2O5, 2 mM 2-

Mercaptoethanol). Subsequently, the dialysed fractions were spun to remove any debris 

before being transferred to 15 ml falcon tube for binding to p180 – antibody (SJK 237-71)–

coupled Sepharose 4B beads that were pre-equilibrated in IA wash buffer A (150 mM KPi, 

pH 7.5, 0.1 mM EDTA) for 1 h. After binding, the beads were washed twice with IA wash 

buffer A and IA wash buffer B (20 mM KPi pH 7.5; 0.1 mM EDTA). The protein was eluted 

in 0.5 ml of IA elution buffer (10 mM triethylamine, 20% ethylenglycol, 1 M NaCl, buffer 

has pH of approximately 10.8) into tubes containing 0.05 ml of titration buffer (0.5 M 

KH2PO4, 0.1 M DTT, buffer has pH of approximately 4) before using a qualitative Bradford 

assay to pool fractions with proteins according to intensities, and subsequently dialyzing the 

pooled fractions overnight in storage buffer (20 mM HEPES-KOH pH 7.8, 1 mM EDTA, 1 

mM DTT).  

Using Bradford protein assay, SDS-PAGE with Coomasssie staining and western 

blotting, the purity and concentations of the protein purificatoins were determined and 

specific activity determined using DNA synthesis assay containing activated DNA as a 

template primer system in an assay described by (Nasheuer and Grosse, 1988). 

 

 

 

 

 



Chapter 2 

 

60 
 

2.2.4.7 His-Tagged Topoisomerase I Expression and Purification 

High five cells were seeded and treated in 10-12 T175 flasks as described earlier for 

SV40 TAg and polprim and infected with 10 PFU of recombinant baculovirus stock 

expressing the protein and the cells harvested 48 h post-infection, washed twice in 1X PBS 

and flash-frozen before being stored in -80°C.  

Purification of the protein was carried out according to (Soe et al, 2001) and in cold 

room with ice-cold buffers unless otherwise stated. The pellet was suspended in 4 packed 

cell volumes (PCV) of lysis buffer (10 mM Tris-HCl pH 8.0, 1.0 mM EDTA, 5 mM fresh 

DTT, 1 mM PMSF, 5 mM leupeptin; 1% aprotinin) and dounce-homogenized (30 strokes 

with tight pestle). 4 PCV of sucrose buffer (50 mM Tris-HCl pH 8.0, 10 mM MgCl2, 50% 

v/v glycerol, 25% w/v sucrose, 2 mM DTT) was subsequently added and was followed by 

addition of 1 PCV of saturated ammonium sulphate solution in a drop-wise manner. The 

mixture was then incubated on ice for 30 min and then cleared at 35,000xg at 4ºC for 3 h. 

The supernatant was collected and four supernatant volumes of saturated ammonium 

sulphate were added to the supernatant in a drop-wise manner while being continuously and 

gently stirred using a magnetic stirrer. The solution was further stirred in the cold room for 

30 min after which time the precipitate was centrifuge at 20,000xg for 30 min at 4ºC. The 

precipitate was collected and dissolved in the appropriate volume of wash buffer (30 mM 

HEPES-KOH pH 7.8, 150 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol, 1 mM 2-

Mercaptoethanol, 1 mM PMSF). For binding of the His-tagged protein 1 ml bead volume 

of Ni-NTA resin (Sigma) incubated with the His-Topo I containing solution for 1.5-2 h with 

gentle rotation at 4ºC. The resin was subsequently washed twice with 10 volumes of wash 

buffer before elution of the protein in 0.5 ml of elution buffer (30 mM HEPES-KOH pH 

7.8, 150 mM NaCl, 250 mM imidazole, 10% (v/v) glycerol, 1 mM 2-Mercaptoethanol, 1 

mM PMSF). Fractions were assayed for protein with a qualitative Bradford assay and 

pooled together according to intensity before being dialyzed overnight at 4ºC in dialysis 

buffer (15 mM HEPES-KOH pH 7.8, 170 mM NaCl, 50% (v/v) glycerol, 0.5 mM DTT, 0.5 

mM EDTA). Alternatively, the dialysed fractions were pooled together and concentrated 

using vivaspin.  

The purified protein was quantified using Bradford protein assay and SDS PAGE 

followed by Coomassie staining and activity was determined with a DNA relaxation assay 

performed according to (Stewart, et al, 1997; Soe et al, 2001), using 10-100 ng of Topo I to 

relax 0.3 – 1 µg of supercoiled plasmid DNA in the activity buffer (10 mM HEPES-KOH, 
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pH 7.8, 50 mM KCl, 6 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT) and incubated at 37ºC 

for 60 min before analysis on 1 % agarose gel and being visualized using ethidium bromide 

and UV-light. 

 

2.2.4.8 Expresssion and Purification of Human Replication Protein A  

The pET-15-p14-p32-p70 RPA (Weisshart et al, 2000), expressing all the three 

subunits of RPA including a His-tagged RPA70 was transformed into BL21 (DE3)pLysS 

competent cells and 2-3 colonies used to inoculate 1 litre of LB supplemented with 100  

µg/ml of ampicillin and incubated overnight on bench top at room temperature. After 12 h, 

the ampicillin was supplemented to maintain selection and the culture was incubated 

shaking at 37ºC. RPA over-expression was induced with 1 mM of IPTG for 3-4 h when the 

OD600 reached 0.5. Then the bacteria were harvested and washed in PBS. Purification was 

done as previously described with some modifications (Nasheuer et al, 1992). The pellets 

were re-suspended in lysis buffer (30 mM HEPES-KOH pH 6.8, 0.5 % NP-40, 0.5% 

Inositol, 150 mM NaCl and 3 mM 2-Mercaptoethanol) and sonicated 50% amplitude for 3 

min staggered in 20 s pulses and incubated 30 min on ice. Then EDTA-free protease 

inhibitor cocktail was added and the cell debris cleared at 30,000 xg for 20 min at 4˚C. The 

supernatant was incubated with Ni-NTA resin (Sigma) pre-equilibrated with wash buffer 1 

(30 mM HEPES-KOH pH 6.8, 0.5 % NP-40, 0.5% Inositol, 250 mM NaCl and 3 mM 2-

Mercaptoethanol) at 4ºC for 1-2 h to bind His-tagged RPA. After binding and collecting the 

Ni-resin, the resin was washed twice with wash buffer 1 and 10 column volumes of wash 

buffer 2 (100 mM (NH4)2SO4 pH 8.0, 1% Triton-X100, 5 mM Imidazole and 3 mM 2-

Mercaptoethanol) followed by washing with 3 column volumes of wash buffer 3i (100 mM 

(NH4)2SO4 pH 8.0, 3 mM 2-Mercaptoethanol, 7.5 mM Imidazole) and 1.5 column volumes 

of wash buffer 3ii (100 mM NH4)2SO4 pH 8.0, 10 mM imidazole and 3 mM 2-

Mercaptoethanol) before eluting in 0.5 ml fractions of elution buffer (100 mM (NH4)2SO4 

pH 8.0, 3 mM 2-mercaptoethanol, 100 mM Imidazole). The fractions with protein were 

pooled and dialyzed overnight in dialysis buffer (30 mM HEPES-KOH pH 7.8, 20 mM KCl 

and 30% (v/v) glycerol).  

After the dialysis, a further purification was done using the ÄKTA protein purifier (GE 

Healthcare) and mono-Q column (GE Healthcare). Precisely, the mono-Q column was pre-

equilibrated with the column equilibration buffer (30 mM HEPES-KOH pH 7.8, 1 mM 

DTT, 0.25% inositol, 0.01% NP-40, 100 mM KCl) and the dialysed sample, spun to remove 
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any impurities, was injected to bind to the column. After this the column was washed with 

3-cloumn volumes of wash buffer (30 mM HEPES-KOH pH 7.8, 1 mM DTT, 0.25% 

inositol, 0.01% NP-40, 150 mM KCl) and the protein was eluted into 96-well plates in 250 

µL of elution buffer (30 mM HEPES-KOH pH 7.8, 1 mM DTT, 0.25% inositol, 0.01% NP-

40, 400 mM KCl). The fractions with proteins were pooled and concentrated in vivaspin 

column before being quantified by Bradford protein assay. In addition, the purified proteins 

were analysed by SDS PAGE and Coomassie Brilliant blue staining using bovine serum 

albumin (BSA) standards. Western blotting was used to detect the subunits using rat 

monoclonal antibody against each subunit. Functionality was determined by DNA binding 

activity in electrophoretic mobility shift assay (EMSA) as described subsequently in 2.2.5.6. 

 

2.2.4.9 Purification of Proliferating Cell Nuclear Antigen and Pol   

The plasmid pT7hPCNA (Schurtenberger et al, 1998) was transformed into Bl21 DE3 

cells and a single colony was inoculated in 5 mL starting culture in LB medium 

supplemented with 100 μg/mL of ampicillin and incubated overnight shaking at 180 RPM 

at 37°C. The culture was diluted 1:100 in 1 L of fresh LB medium supplemented with 100 

μg/mL of ampicillin, and was incubated shaking as previously described. When the culture 

reached an OD600 of 0.5, expression of the protein was induced with 1 mM of IPTG for 2.5 

– 3 h after which the cells were collected as previously described, washed twice in 1X PBS 

and stored in -80°C. PCNA purification was done as previously described (Schurtenberger 

et al, 998; Jónsson et al, 1998; Maga et al, 2006; Maga et al, 2013). Precisely, the cell pellets 

were thawed on ice and re-suspended in 5 PCV (packed cell volume) of the lysis buffer (25 

mM Tris-HCl pH 7.5, 150 mM NaCl, 3.5 mM 2-Mercaptoethanol, 10% glycerol, 0.01% 

Triton-X100, EDTA-free protease inhibitor cocktails) and sonicated at 50% amplitude for 

3 min staggered in 20 s pulses. After the sonication, the cell debris were cleared at 30,000xg 

for 20 min at 4°C and the His-PCNA in the supernatant was bound for 1–1.5 h to Ni-NTA 

resin (Sigma), which was pre-equilibrated with wash buffer 1 (25 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 3.5 mM 2-Mercaptoethanol). After the binding, the flow-through was 

collected and the resin was transferred to chromatographic column before being washed 

with 20 column volumes of wash buffer 1 and with 20 column volumes of wash buffer 2 

(25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3.5 mM 2-Mercaptoethanol, 5 mM imidazole). 

Elution was done in 0.5 bead volumes of elution buffer (25 mM Tris-HCl, pH 7.5, 100 mM 

NaCl, 250 mM imidazole) and dialysed overnight in 1 litre of dialysis buffer (20 mM 

HEPES-KOH, 7.8, 1 mM DTT, 0.5 mM EDTA, 5 mM NaCl, 10% glycerol).  
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After dialysis, the protein was concentrated using vivaspin (Sartious) and concentration 

was determined using Bradford protein assay (Bradford, 1976), while activity was tested 

with its ability to enhance the replicative property of DNA pol δ. Pol δ was a generous gift 

from Prof. U. Hübscher (University of Zürich) and Dr. Barbara van Loon (Norwegian 

University of Science and Technology). 

 

2.2.5 Biochemical Assays 

 

2.2.5.1 In vitro DNA Replication Assay 

The replication assay of polyomavirus DNA was performed as previously described by 

Mahon et al (2009) and was carried out either in 40 or 60 µl reaction volume containing (20 

mM HEPES-KOH pH 7.8, 7 mM MgAc, 1 mM EGTA, 1 mM DTT, 4 mM ATP, 200 µM 

each CTP, UTP, and GTP, 50 µM dCTP, 100 µM each dATP, dTTP, and dGTP; 40 mM 

creatine phosphate (pH 7.8), 80 µg/ml creatine kinase and 0.08333 µCi/μL of [α-32P]-dCTP, 

equivalent of 27.8 nM of dCTP (from 3,000 Ci/mmol stock (Perkin Elmer), 100 ng pUC-

based plasmid DNA (containing the replication origin of the polyomavirus being studied or 

without origin ), 75-150 µg of total protein of HeLa replication (S100) extract, 0.6 µg of 

TAg.  The reaction was incubated for 60 min at 37°C and products were precipitated for 5 

– 10 min with ice cold 10 % (w/v) trichloroacetic acid (TCA) containing 0.2% (w/v) sodium 

pyrophosphate on 47 mm circular microfiber filters of 1.2 μm (GF/C grade; Whatman), and 

washed thrice for 5 min each with ice-cold 1 M HCl. The products were analyzed by 

scintillation counting. When assays were carried with inhibitors/drugs, the drugs were added 

before the TAg and the solvent of the drug was used in the negative drug control. 

 

2.2.5.2 Monopolymerase Asssay 

The assay was performed according to Mahon et al (2009) in 40 µl reaction volume 

that contained 30 mM HEPES-KOH pH 7.8, 7 mM MgAc, 0.1 mM EGTA, 0.5 mM DTT, 

200 μM each UTP, GTP, and CTP, 4 mM ATP, 100 μM each dATP, dGTP, and dTTP, and 

10 or 50 μM dCTP, 40 mM creatine phosphate, 25 μg/mL creatine kinase, 100 μg/ml BSA, 

and 0.1 μCi/μL [α-32P]-dCTP, equivalent to 33.3 nM [α-32P]-dCTP (from 3,000 Ci/mmol 

stock, Perkin-Elmer), 0.5 μg of pUC-origin DNA, 50 ng topoisomerase I, 0.2 – 0.5 units of 

DNA polymerase α-primase, 0.3 – 1 μg RPA, and 0.6 μg of the corresponding polyomavirus 
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TAg  and reacted at 37ºC for 60 min before stopping the reaction in  ice-cold 10 % (w/v) 

TCA containing 0.2% (w/v) sodium pyrophosphate by spotting 20 μL of the reaction 

volume on 47 mm circular microfiber filters of 1.2 μm (GF/C grade; Whatman) and 

immersing it in the stopping buffer for 10 min and subsequently washing the filters thrice 

for 5 min each in ice-cold 1 M HCl and incorporation of the radioactive nucleotide was 

determined by counting using scintillation counter after drying of the filters. 

 

2.2.5.3  DNA Synthesis Assay 

The DNA synthesis assay was performed according (Nasheuer and Grosse, 1987 1988), 

in 20 μL reaction volume that consisted of 20 mM Tris-Acetate, pH 7.2, 50 mM magnesium 

acetate, 75 mM potassium acetate, 1 mM EGTA, 0.5 mM DTT, 100 μg/mL BSA, 100 

μg/mL activated DNA or 2.5 pM of in vitro synthesized DNA primer:template substrate, 

100 μM each of dATP, dGTP, dTTP, dCTP, and 0.04 μCi/μL  [α-32P]-dCTP or [α-32P]-

dGTP, equivalent to 14 nM of the radioactive nucleotide (from 3000 Ci/mmol stock; Perkin 

Elmer), 0.25 – 0.5 U of DNA Pol α-primase and Pol δ and 0.3–0.5 μg of PCNA in the case 

of DNA Pol δ assays. When different concentrations of any nucleotide were required, the 

concentrations of the nucleotide were varied from 0.5 µM–100 µM as indicated in the result 

figures. The reaction was carried out at 37°C for 10 mins and 15 µL of the reaction volume 

was spotted on 47 mm circular microfiber filters of 1.2 μm (GF/C grade; Whatman) and 

rapidly immersed in the stopping buffer (ice-cold 10% (w/v) TCA containing 0.2% (w/v) 

sodium pyrophosphate) for 5 – 10 mins and was subsequently washed thrice for 5 mins each 

time in ice-cold 1 M HCl. The filters were dried and transferred into 20 mL scintillation 

vials (Sigma or Fisherbrand) and soused with 2–3 mL of scintillation liquid (Beckman) and 

incorporation was determined by counting with TriCarb scintillation counter (Perkin 

Elmer).  

When DNA synthesis experiments were done with radio-labelled primers annealed to 

templates as substrates, the reactions were carried out for 30-60 mins at the same 

temperature and was stopped by adding denaturing DNA loading buffer prepared as 

previously described (Sambrook and Russell, 2001). The samples were heat-denatured at 

90°C for 5 mins and quickly placed on ice. Subsequently, the heat-denatured samples were 

separated on 12 or 20% denaturing polyacrylamide gels that contained 7 M urea at 20 Watt 

per gel for 1 h or until the dye front ran 99% of the gel. The gels were pre-run at same power 

for 30 mins prior to loading of the samples.  
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2.2.5.4 DNA Helicase Assay for Polyomavirus T Antigens 

DNA helicase assay protocol was adapted from (Scheffner et al, 1989) with slight 

modifications and was done in a 20 µL reaction volume that contained (25 mM HEPES-

KOH, pH 7.8, with or without 7 mM MgAc or MgCl2, 20 mM NaCl, 1 mM EDTA, 0.5 mM 

DTT, 250 µg/mL BSA, 40 µg/mL Creatine-Kinase, 40 mM creatine-phosphate, 4 mM ATP, 

2.5 ng ɸX174 DNA primed with P32 end-labelled 30-mer oligonucleotide primer and 30 

µg/mL of polyomavirus (BKV, SV40, and JCV) TAgs. The reaction was carried out at 37°C 

for 0 – 60 mins as indicated in the results and reaction stopped by addition of DNA loading 

buffer (Thermoscientific) and separated on 12 % native polyacrylamide gel in TBE buffer. 

The gel was exposed to radioactive signal amplifier screens (Kodak or Fuji) in -20°C 

overnight and the screen was subsequently developed using Pharos FX molecular imager or 

Fujifilm FLA-5100 imager (Biorad or Fujifilm). The band signals were quantitated using 

quantification software (Fujifilm).  

 

2.2.5.5    Preparation of DNA Substrates for Helicase Activity and DNA Synthesis 

Assay 

A 30-mer and 18-mer oligonucleotide primers complementary to a region of ɸX174 

virion DNA were end-labelled using T4 polynucleotide kinase (New England Biolabs) for 

the helicase and DNA synthesis substrates, respectively. The labelling was done in a 20 μL 

reaction volume that contained 1x T4 polynucleotide kinase reaction buffer (70 mM Tris-

HCl pH, 7.6, 10 mM MgCl2, 5 mM DTT), 0.5 μM DNA, 2.5 μCi/μL [γ-32P]-ATP equivalent 

to 0.833 μM of [γ-32P]-ATP (From Perkin Elmer’s stock of 3000 Ci/mmol), 1 U of 

polynucleotide kinase (NEB) and reacted at 37°C for 10 mins.  

To produce the helicase substrate, the end-labelled 30 – mer oligo was subsequently 

primed on ɸX174 virion DNA in a 20 μL reaction volume that comprised 1 in 4 parts of the 

end-labelled reaction product, 83 nM of ɸX174 virion DNA, 1x NEB buffer 2 (50 mM 

NaCl, 10 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 1 mM DTT) by heating the reaction mixture 

to 80°C for 5 mins and allowing the samples to slowly cool to room temperature. The DNA 

synthesis substrates was prepared by annealing the end labelled 18–mer oligo to 33–mer or 

63–mer template oligonucleotides derived from the ɸX174 virion DNA at 80°C for 5 mins 

in 20 µL reaction volumes containing equimolar amounts of the labelled primer and the 

unlabelled template in the presence of 1x NEB buffer 2 and slowly cooling the samples to 

room temperature. Subsequently, the unincorporated radio-active nucleotide was removed 

using sephadex G-50 spin columns (GE Healthcare) with adherence to the manufacturer’s 
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instructions which precisely involved vortexing vigorously to mix the resin before spinning 

at 735xg for 1 min to drain the storage buffer and then loading the primed DNA samples 

(50 μL of samples per column) and collecting the clean primed DNA into 1.5 mL eppendorf’ 

tubes at 735xg for 2 min. The efficiency of labelling was determined by Cherenkov’s count 

using scintillation counter but without the scintillation liquid and corrected by multiplying 

the count results by 3. 

 

2.2.5.6 ATPase and UTPase Assays for Polyomavirus T Antigens 

The ATPase assay was done with or without radioactive [γ-32P]-ATP according to 

(Scheffner et al, 1989). ATPase without radioactive ATP was done in a 20 μL reaction 

volume comprising 1x ATPase buffer (50 mM Tris-HCl, pH 7.5, 7 mM MgCl2, 0.5 mM 

DTT, 0.05% NP-40, 10 mM NaCl, 0.5 – 2.0 mM of ATP, with or without 5 ng/μL ɸX174 

virion DNA), 30 µg/mL SV40 or BKV or JCV TAg, depending on the polyomavirus which 

TAg was being assayed for ATPase activity. The reaction was carried out at 37°C for 30 

min and was stopped by dilution of the reaction 1 in 8 so that it will not contain more than 

0.25 mM of ATP and the liberation of inorganic phosphate assayed using Malachite Green 

phosphate assay kit (Cayman Chemical) following the instruction of the manufacturer but 

with slight modification of change in volume. Precisely 60 μL of the reaction product was 

added in duplicates to 96-well plate in parallel to the addition, in duplicates, of 60 μL 

standard inorganic phosphates (concentration from 1–40 μM), followed by the addition of 

15 μL Malachite Green assay mix and was briefly mixed and incubated for 30 mins before 

the absorbance as 620 nm was determined. The hydrolysis of ATP was determined by 

reading off the amount of liberated inorganic phosphate using the standard curve.  

For the radioactive ATPase assay, the reaction was performed in a 20 μL reaction 

volume comprising 1 X ATPase buffer (50 mM Tris-HCl pH 7.5, 7 mM MgCl2, 0.5 mM 

DTT, 0.05% NP-40/2.5% glycerol, 10 mM NaCl, 0.001 – 1.0 mM of ATP, 6.6 nM [γ-32P]-

ATP,  with or without 5 ng/μL ɸX174 virion DNA), 30 µg/mL TAg and incubated for 30 

mins at 37°C and the reaction was stopped by spotting 1 or 1.5 μL of the reaction on PEI 

cellulose thin layer chromatographic plate and resolved in 0.75 mM NaH2PO4 in 

chromatographic tank. The plate was dried and exposed to radioactive signal amplifier 

screens (Kodak or Fuji) at room temperature for few hours or overnight before being 

developed using Pharos FX molecular imager or Fujifilm FLA-5100 (Biorad or Fujifilm, 

respectively). The band signals were quantitated using quant software (Fujifilm). 
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UTPase assay was done in a similar way to the non-radioactive ATPase assay but with 

ATP substituted with UTP and dilution was 1 in 16 as opposed to 1 in 8 dilution for the 

ATPase before addition of Malachite green assay mix. 

 

2.2.5.7 Electrophoretic Mobility Shift Assay (EMSA) 

Electrophoretic Mobility Shift Assay (EMSA) was done according to (Garner and 

Revzin 1981, 1986; Nasheuer, et al, 1992; Hellman and Fried, 2007) in a 20 µL reaction 

containing (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 ng/ml BSA, 0.5 mM EDTA, 100 ng 

174 virion DNA and different amounts of the protein as indicated in the results, with 

incubation done for 15 min at room temperature in the presence of the DNA loading dye 

and products analysed on 1% agarose gel and visualized under UV-light. For nuclease 

activity assay, the same EMSA buffer was used in addition to 5 mM MgAc with incubation 

at 37 ºC for 30 min before analysis. 

 

2.2.5.8 DNA Relaxation Assay 

DNA relaxation assay was performed as per (Stewart, et al, 1997; Soe et al, 2001). The 

optimization assay contained 10-100 ng/µL of Topo I to relax 1 µg of supercoiled plasmid 

DNA in the activity buffer (10 mM HEPES-KOH, pH 7.8, 50 mM KCl, 6 mM MgCl2, 0.5 

mM EDTA, 0.5 mM DTT) and incubated at 37ºC for 60 min and subsequently analyzed on 

1% agarose gel and visualized using ethidium bromide and UV-light. For the investigation 

of the effects of the analogs on DNA relaxation activity of Topo I, 100 ng/µL of the enzyme 

was used to relax 1 µg of supercoiled DNA in presence or absence of the analogs 

2.2.5.9 Data Analysis Programs and Methods 

The data generated from these studies were analysed using the programs Microsoft (MS) 

Excel and/or Prism GraphPad (GraphPad Software, Inc.). The replication, ATPase, Helicase 

and DNA synthesis inhibition data were analyzed in MS Excel and the graphs were also 

plotted using MS Excel. The data regarding effects of nucleotide analogs and aphidicolin 

on the kinetics of DNA synthesis activity of Pol α–primase and T antigen ATPase activity 

were analysed using MS Excel and the kinetic parameters were determined with the Prism 

GraphPad. The analysis of the data on Prism GraphPad was done with nonlinear regression 

by fitting the data with both, Michaelis-Menten equation and Mixed Model equation. The 

GraphPad offers additional equations such as Competitive, Noncompetitive and 
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Uncompetitive equations. The Mixed Model equation was chosen because it provides an 

all-encompassing equation that can fit competitive, noncompetitive and uncompetitive 

inhibition data in addition to data that cannot accurately be fitted with these later equations. 

The Mixed Model equation set up also provides a parameter, Alpha, that determines 

inhibition mechanism, and which the other equations do not possess and thus makes this set 

up more flexible and general in its usage. 

To fit the data, XY data table was created where X was the concentrations of the nucleotide 

and Y represented the rate of incorporation of dNMP at each nucleotide concentration for 

the different concentrations of the inhibitors (nucleotide analogs and aphidicolin). 

Afterwards the data were analyzed by choosing nonlinear regression and Mixed Model 

enzyme inhibition. The Mixed Model set up calculates parameters approximations using the 

following equations; VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The 

parameters are: I is the inhibitor concentration (µM), Alpha, Vmax, Km and Ki are shared. 

During the calculation process the program Prism GraphPad fits one best-fit value for the 

entire set of data for each curve.  Vmax is the maximum enzyme velocity without inhibitor 

(pmol/h), Km is the Michaelis-Menten constant calculated for without inhibitor but which is 

shared. Ki is the inhibition constant expressed (µM).  

In addition, the constant Alpha provides insight into the mechanism. Its value determines 

the degree, to which the binding of inhibitor changes the affinity of the enzyme for substrate. 

Its value is always greater than zero. When Alpha = 1, the inhibitor does not alter binding 

of substrate to the enzyme, and the Mixed Model equation is identical to noncompetitive 

inhibition equation. When Alpha is very large, binding of inhibitor prevents binding of the 

substrate and the Mixed Model becomes identical to competitive inhibition. When Alpha is 

very small (but greater than zero), binding of the inhibitor enhances substrate binding to the 

enzyme, and the Mixed Model becomes nearly identical to an uncompetitive inhibition 

model. 
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3.1 Polyomavirus Large Tumor Antigens  

The large tumor antigens, TAgs, of the three different polyomaviruses used in this study 

were purified as described in Materials and Methods chapter. Precisely, the recombinant 

TAgs were expressed in High V insect cells using the baculovirus system. The purification 

protocols were adapted with modifications of the purification protocols reported by 

Tikhanovich et al, 2011 and Nesper et al, 1997. The purified TAgs were quantified by 

Coomassie staining in parallel with BSA standards (figure 3.11).  

 

 

Figure 3.1.1. Protein Staining and Quantification of Purified SV40, JCV and BKV TAgs. The 

proteins were purified from crude extracts of High Five cells, which were infected with recombinant 

baculovirus expressing the indicated protein, by binding the crude extract to Cobalt (CO++) resin 

(Sigma) and eluting the proteins in elution buffer containing 500 mM Imidazole. The eluted proteins 

were pooled into two or three fractions depending on the absorbance using Bradford reagent. The 

pooled fractions were dialyzed in the buffer as described containing 10% glycerol. The purity and 

quantity of the purified proteins were determined using Coomassie brilliant blue staining and BSA 

standard. Lane 1 contains the molecular weight marker (NEB Pre-stained protein marker), and lanes 

2 – 4 contained 1 μl each of elution fractions F1, F2, and F3 of SV40 TAg. Lanes 5 and 6 contained 

5 μl each of purified JCV TAg. Lanes 7 and 8 contained 5 μl each of BKV TAg elution fractions F1 

and F2. Lanes 9 and 10 contained 2.5 and 5.0 μg, of BSA, respectively. 

From figure 3.1.1, the concentration of purified SV40 TAg was determined to be about 

1.6, 0.8, and 1.2 mg/ml for F1, F2, and F3, respectively. The concentration of purified JCV 

TAg was about 1.0 and 1.4 mg/ml for F1 and F2, respectively whereas the concentration of 

purified BKV TAg was approximately 0.4 and 0.2 mg/ml for F1 and F2, respectively. 

Among the purified TAgs, the BKV was the least pure. 
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In addition, the recombinant TAgs were detected in western blotting using polyclonal 

antiserum against SV40 TAg (figure 3.1.2). 

 

Figure 3.1.2. Immunological Detection of Purified SV40, JCV and BKV Large Tumor 

Antigens. The proteins were purified as described above and subjected to SDS-PAGE for 

separation. The proteins were transferred onto PVDF membrane following standard transfer 

protocol and subsequently detected with rabbit polyconal anti SV40 TAg antibody that was diluted 

1:10 000, following standard western blot protocols. 

 

3.2 Human Topoisomerase I 

Recombinant human topoisomerase I was expressed in High Five insect cell and 

purified as previously described Soe et al (2001). The protein quantification performed with 

Bradford protocol and by staining of SDS-PAGE separated protein with Coomassie brilliant 

blue using BSA as a standard as shown in figure 3.2.1. 

   

Figure 3.2.1. Coomassie Staining and Quantification of Purified Human Topoisomerase I. The 

protein was purified from crude extracts of High Five cells, which were infected with recombinant 

baculovirus expressing human topoisomerase I, by binding the dissolved ammonium sulphate 

precipates to Nickel (Ni+) resin (Sigma) and eluting the proteins in elution buffer containing 150 

mM Imidazole. The eluted proteins were pooled and dialyzed in the buffer as described containing 

10% glycerol. The purity and quantity of the purified proteins were determined using Coomassie 

brilliant blue staining and BSA as a standard. Lane 1 contained molecular weight marker (NEB Pre-

stained protein marker), and lanes 2 – 5 contained 2 – 0.25 μg of BSA as indicated. Lane 6 contained 

3 μl of crude extract (WCE) before binding to the resin. Lane 7 contained 3 μl of binding flow 

through (BFT) of the affinity resin. Lane 8 contained 5 μl of Fraction F1 of the eluted purified human 

topoisomerase I. 
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By comparing the eluted fraction F1 with the BSA standards, the concentration of F1 

of recombinant human topoisomerase I was determined as 0.35 mg/ml. Following the 

quantification of the purified recombinant human topoisomerase I, the activity of the 

enzyme was determined by performing a DNA relaxation assay, which was carried out as 

previously described (Stewart, et al, 1997; Soe et al, 2001). The reaction product was 

analysed on 1% agarose gel as shown in figure 3.2.2. 

 

 

Figure 3.2.2. DNA Relaxation Assay by Purified Human Topoisomerase I. The purified human 

topoisomerase I was used in a supercoiled DNA relaxation experiment to determine its activity. The 

assay was performed using 1 µg of supercoiled plasmid DNA in the activity buffer (10 mM HEPES-

KOH, pH 7.9; 50 mM KCl; 6 mM MgCl2, 0.5 mM EDTA; 0.5 mM DTT) and incubated at 37ºC for 

60 min. The reaction product was analyzed on an 1% agarose gel and visualized using ethidium 

bromide under UV-light. Lane 1 was 1 kb molecular weight marker. Lane 2 contained no protein. 

Lanes 3 – 6 contained increasing amounts, 10 – 100 ng, as indicated of purified human 

topoisomerase I. 

 

The purified topoisomerase I is highly active and activity increased in a topoisomerase 

I concentration-dependent manner. Total relaxation of the supercoiled DNA was obtained 

from 50 ng to 100 ng of the protein. 
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3.3 Human DNA Polymerase -Primase 

The protein was purified according to Nasheuer and Grosse (1987 and 1988), by 

subjecting the extracts obtained from High Five cells, that were co-infected with 10 PFU of 

each recombinant baculovirus stock expressing one subunit of the protein complex, to 

phospocellulose binding and subsequently bound to p180 antibody-(SJK 237-71)-coupled 

Sepharose 4 beads. The protein was eluted as described in figure 3.3.1 legend and 

quantitation was done using Bradford protocol and by analysis of the purified protein and 

standard BSA on SDS-PAGE stained with Coomassie brilliant blue (see figure 3.3.1). 

 

 

Figure 3.3.1 Coomassie Stainining and Quantification of Purified Polymerase α-Primase. The 

protein was purified from crude extracts from High Five cells that were co-infected with 10 PFU of 

each recombinant baculovirus stock expressing one subunit of the protein complex. The extract was 

bound to phospocellulose (P11) resin, eluted and subsequently bound to p180 antibody-(SJK 237-

71)-coupled sepharose 4 beads (Tanaka et al, 1982; Brückner et al, 1995) and was eluted with 10 

mM triethylamine (140 µl/50 ml), 20% ethylenglycol, 1 M NaCl of pH approximately 10.8 into 0.5 

M KH2PO4, and 0.1 M DTT, of pH approximately 4. Fractions were processed and separated on 

10% SDS-PAGE and stained with Coomassie brilliant blue. Lane 1 is NEB pre-stained molecular 

weight marker. Lanes 2 – 4 contained 5 – 1 μg of BSA and lane 5 contained 10 μl of eluted fraction 

F1. 

Using the Coomasie brilliant blue stained gel, the concentration of the polymerase as 

purified was found to be 0.8 mg/ml for F1 and 0.125 mg/ml for F2. The specific polymerase 

activity was found to be 12500 U/mg of the DNA polymerase α-primase, using the DNA 

synthesis assay with protocols adapted from (Nasheuer and Grosse, 1988, 1987) as 

described in the materials and methods. 
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A B 

 

3.4 Replication Protein A 

Replication protein A (RPA) was purified from extract from BL21 (DE3)pLysS 

competent cells transformed with  pET-15-p14-p32-p70 RPA  (Weisshart et al, 2000) in 

accordance with  the protocols as described previously (Nasheuer et al, 1992). After the 

purification, the eluted proteins were dialyzed and quantified using Bradford while purity 

was observed using Coomassie brilliant blue staining of samples separated on SDS-PAGE 

(15% acrylamide) (Figure 3.41A). Having observed an unknown band of about 25 kDa 

which is not a degradation product of RPA-B as western blot with the RPA2 antiserum did 

not detect the unknown band (unpublished data), purification was optimized with a view to 

eliminating the unknown band by further binding the purified RPA to mono-Q column as 

described in materials and methods. The products of the Mono-Q purification were analyzed 

on 15% SDS-PAGE as seen in figure 3.4.1B.   

 

 

Figure 3.4.1. Coomassie Staining and Quantification of Purified RPA. The protein was purified 

from crude extracts of BL21(DE3)pLysS  cells overexpressing RPA using the pET-15-p14-p32-p70 

RPA plasmid as previously described (Nasheuer et al, 1992). Some of the eluted fractions were 

further purified by mono-Q column chromatography. Fractions were processed and separated on 

15% SDS-PAGE and stained with Coomassie brilliant blue (panels A and B). In panel A, lane 1 

contained MW (NEB pre-stained molecular weight marker). Lane 2 contained crude extract before 

binding to Ni++ resin (WCE). Lane 3 contained the flow though after resin binding (FT). Lane 4 

contained eluted fraction 1 (F1). In panel B, the MW is lane 1 while lane 2 contained F1 before 

mono-Q binding. The lane 3 contained the eluted fractions E1 following Mono-Q chromatography. 

 

Following the Commassie staining of the purified RPA, the western blotting of all the 

subunits of the heterotrimer complex was carried out and the respective subunits were 
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recognised by the specific antibodies (data not shown). And activity of the purified was 

assayed using electromobility shift assay (EMSA) as described previously with slight 

modifications (Garner and Revzin 1981, 1986; Nasheuer, et al, 1992; Hellman and Fried, 

2007). The purified RPA- exhibited ssDNA binding which increased in RPA-dependent 

manner (figure 3.4.2). 

 

 

Figure 3.4.2. Electrophoretic Mobility Shift Assay of RPA Binding to 174 virion DNA. The 

purified RPA complex was used for 174 ssDNA binding to test its activity as previously 

described (Garner and Revzin 1981, 1986; Nasheuer, et al, 1992; Hellman and Fried, 2007). The 

product was separated on 0.8% agarose gel and visualized by UV-light. Lane 1 was ssDNA without 

RPA. Lane 2 contained 10 ng of RPA. Lanes 3 – 6 contained 100 – 1000 ng of RPA as indicated. 

 

3.5 Proliferating Nuclear Antigen (PCNA) 

PCNA was purified from an extract obtained from BL21(DE3)pLysS cells 

overexpressing PCNA using the  pT7hPCNA plasmid (Schurtenberger et al, 998) and 

purified as previously reported with slight modifications. The cell lysis was done by 

sonication and not by French press (Schurtenberger et al, 998; Jónsson et al, 1998; Maga et 

al, 2006; Maga et al, 2013). After the purification, the protein concentration was determined 

by Bradford assay and validated by Coomassie brilliant blue staining of SDS-PAGE-

separated protein samples and BSA standards (figure 3.5) 
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Figure 3.5. Coomassie Staining Validation of Purified PCNA. The protein was purified from 

crude extracts from BL21(DE3)pLysS cells overexpressing PCNA from the  pT7hPCNA plasmid 

according to the protocols described previously (Schurtenberger et al, 1998; Jónsson et al, 1998; 

Maga et al, 2006; Maga et al, 2013). The purified fractions were pooled together and concentrated 

using viva spin (Sartorius). The concentration was determined by Bradford. The concentration was 

validated in parallel with BSA as standard using 10% SDS-PAGE. Lane 1 contained MW, the 

molecular weight maker. Lane 2 contained 2.0 μg of PCNA. Lane 3 contained 5.0 μg and lane 4 

contained 4.0 μg of PCNA whereas lanes 5 and 6 contained 2.0 and 1.0 μg of BSA, respectively. 
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4.1 In Vitro Replication of SV40 DNA Is Inhibited by Fatty-ester-Linked Nucleotide 

Analogs 

The establishment of the in vitro replication of SV40 DNA using Hela cell extract was 

a landmark in eukaryotic DNA replication and allowed the isolation of numerous DNA 

replication factors and the elucidation of its mechanism (Li and Kelly, 1985; Nasheuer et 

al, 2007). Following the synthesis and subsequent discovery that Cidofovir (CDV) 

possesses broad-spectrum antiviral activities, the metabolism and activity of the drug have 

been extensively studied in the human cytomegalovirus (CMV) and herpes simplex virus 

(HSV). Here it was postulated that after phosphorylation by cellular kinases to its 

diphosphate, CDV-PP, which is a dCTP analog, the latter is the active compound and 

competes with dCTP for incorporation in viral DNA by CMV and HSV DNA polymerases, 

and upon incorporation causes the inhibition of the replication of the viral genome (Collins 

and Oliver, 1985; De Clercq et al, 1986; De Clercq et al, 1987; De Clercq and Holy, 1991, 

2005; Xiong et al, 1996; Bronson et al 1989a, 1989b; Xiong et al, 1996, Mendel et al, 1997; 

Beadle et al, 2002). In addition, in vivo studies with polyomaviruses report anti-

polyomaviral activities of CDV although without clearly defined mechanism of action 

(Topalis et al, 2011; Farasati et al, 2005; Bernhoff et al, 2008; Kuypers et al, 2005; Andrei 

et al, 1997; Lebeau et al, 2007; Andrei et al, 1997).  

To investigate the mechanism of inhibition of polyomavirus DNA replication by CDV 

and its derivatives, the in vitro replication of SV40 DNA and multiple biochemical assays 

were applied. The results indicated that CDV exerts little or no inhibitory effects on the in 

vitro SV40 DNA replication at a wide range of CDV concentrations (Figure 4.1.1). This is 

in contrast to previously published in vivo work and cell culture studies but is consistent 

with the expected result that CDV per se is a prodrug that is metabolized to CDV-PP, which 

inhibits the replication of the polyomavirus DNA, since these kinases are absent under the 

in vitro DNA replication assay conditions (Topalis et al, 2011; Andrei et al, 1997; Cihlar 

and Chen, 1996; Xiong et al, 1996). Therefore, it is hypothesized the phosphor-CDV-

derivatives, CDV-PP or CDV-P, will inhibit the in vitro replication SV40 DNA, but the data 

obtained from the investigation of this hypothesis did not support any inhibition of 

polyomaviral DNA and neither CDV-P nor CDV-PP inhibited the cell-free SV40 DNA 

replication significantly in comparison to CDV (Figure 4.1.1). As already mentioned, CDV-

P exhibited only a slight inhibitory activity in the SV40 DNA replication at concentrations 

tested, and maximally reaching 15% of inhibition at 100 μM shown by slight reduction of 

the incorporation of the dNMPs in the presence of the analog (Figure 4.1.1). The di-
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phosphorylated CDV (CDV-PP), the metabolite of CDV that was proposed to be the active 

drug form of CDV metabolism and a dCTP analog, exhibited small inhibitory effects on 

SV40 DNA replication, attaining 21% of inhibition at 100 μM of the analog (figure 4.1.1). 

 

  

Figure 4.1.1. Inhibition of in vitro Replication of SV40 DNA by Nucleotide Analogs. SV40 DNA 

replication was performed using SV40 TAg, HeLa replication extract, and the plasmid pUCHS in 

the presence of the compounds CDV, CDV-P, CDV-PP, HDP-CDV and HDP-OH in the 

concentrations indicated and performed as described in Materials and Methods. The untreated 

control contained the buffer, in which the analogs were solubilised. The data are from at least 4 

independent experiments. 

 

In contrast, the fatty-ester derivative of CDV, hexadecyloxypropyl (HDP-CDV) with 

the tradename brincidofovir, inhibited SV40 DNA replication strongly in a concentration 

dependent manner and with IC50 of about 20 μM. The result is unexpected because linking 

of an ether alcohol to CDV was meant to enhance the transport of the analog across the 

membrane bilayer and to make the drug orally administrable. The modification achieved 

the proposed goals of increased cellular uptake and in addition, inhibited viral DNA 

replication with increased efficacy. The increase in effeciacy was attributed to increased 

cellular uptake (Hostler, 2009, 2010; Ciesla et al, 2003; Painter and Hostler, 2004; Ruiz et 

al, 2007). However, the cellular barrier and the cellular enzymes required for the metabolism 

of the fatty-ester analog to its active metabolite could be lacking in the cell-free DNA 

replication assay, which means that the increased efficacy of the fatty-ester analog is due to 
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increased cellular bioavailability as previously reported (Hostler, 2009, 2010) and due to 

yet to be identified mechanism. In this case, it is important to mention that neither CDV, 

CDV-PP nor the organic moiety alone, HDP-OH inhibited the replication of SV40 DNA 

with an as high efficiency as HDP-CDV, as presented in the figure 4.1.1.  

Recently, additional classes of phosphonate nucleoside analogs (5-aza-cidofovir 

(aCDV), 5-aza-cyclic-cidofovir (acCDV), and hexadecyloxyethyl (HDE)-5-aza-cyclic-

cidofovir (HDEacCDV)) have been described and have been reported to exhibit broad-

spectrum antiviral properties (Krecmerová et al, 2012, 2014; Andrei et al, 2015; Beadle et 

al, 2002). To investigate the effects of these analogs on the replication of polyomavirus 

DNA, the effects on the in vitro replication of SV40 DNA were examined. The data obtained 

showed that aCDV and acCDV did not significantly inhibit the SV40 DNA replication at 

the concentrations tested (Figure 4.1.2). But the fatty-ester-linked derivative, HDEacCDV, 

strongly inhibited the in vitro replication of SV40 DNA in a concentration-dependent 

manner. It exhibited an IC50 of about 25 μM. Strikingly, as in the case of HDP-CDV, HDE-

acCDV exhibited strong inhibitory effects to the SV40 DNA replication as opposed to the 

non-fatty-ester derivatives and the alcohol moiety alone, which did not show significant 

inhibition at any concentrations tested.  

As the concentrations increased from 1 – 100 µM, the inhibitory effects of the 

HDEacCDV increased proportionately, bringing about reduction in incorporation activity 

to background levels at 50 – 100 µM. The mechanism through which this is achieved is still 

unknown as the drug is possibly not metabolized into its putative active form, acCDV-PP, 

because the enzymes to catalyze the cleavage of the fatty-ester link and the phosphorylation 

would be lacking in the replication extract. Being similar to the HDP-CDV with the two 

agents differing only in the fact that while HDP-CDV possesses the alcohol HDP-OH linked 

to CDV, the HDEacCDV possesses HDE-OH linked to acCDV. Importantly both alcohol 

moieties and the nucleotide analog moieties did not exert high degree of inhibitory effects 

on their own but when both are linked, the efficacies in the inhibition of SV40 DNA 

replication is drastically enhanced (Figures 4.1.1 and 4.1.2) 
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Figure 4.1.2. Inhibition of in vitro SV40 DNA Replication by Nucleotide Analogs. SV40 DNA 

replication was carried out using SV40 TAg, HeLa replication extract, and the SV40-origin plasmid 

DNA (pUCHS) in the presence of the analogs CDV (Cidofovir, aCDV (5-aza-cidofovir), acCDV 

(5-aza-cyclic-cidofovir) and HDEacCDV (hexadecyloxyethyl-5-aza-cyclic-cidofovir). The 

untreated control contained the buffer, in which the analogs were solubilised in. The data are from 

at least 4 independent experiments. 

 

Because of the similarities of HDP-CDV and HDEacCDV, it could be hypothesized that 

they inhibit through similar mechanisms. 

 

4.2 Inhibitory Effects of the Analogs on Polyomavirus DNA Replication: Species-

Specific Implications 

To investigate whether the inhibition of the replication of SV40 DNA in vitro could be 

reproduced in the replication of the two most studied human polyomaviruses, namely JCV 

and BKV, the effects of the analogs on the in vitro replication of JCV and BKV DNA were 

evaluated. The effects of the analogs on the in vitro replication of JCV origin-containing 

plasmid, pJC433, was investigated using in vitro replication protocol of JCV DNA as 

previously described (Nesper et al, 1997; Mahon et al, 2009). 

In agreement with in vitro SV40 DNA replication, the nucleotide analogs CDV, CDV-

P, CDV-PP, acCDV, and aCDV did not exert significant inhibitory effects on JCV DNA 

replication in four different concentrations as shown in Figure 4.2.1. These data are in 

agreement with those obtained for the SV40 DNA replication. Nevertheless, it is surprising 
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because it is expected that CDV-PP would have caused significant inhibition at such higher 

concentration, being the proposed dCTP analog and competitor. 

 

 

Figure 4.2.1. Inhibition of in vitro JCV DNA Replication by Nucleotide Analogs. JCV DNA 

replication was performed using JCV TAg, HeLa replication extract, and JCV origin-containing 

plasmid (pJC433) in the presence of the analogs CDV, CDV-P, CDV-PP, aCDV and acCDV in the 

concentrations indicated and set up as previously described (Nesper et al, 1997; Mahon et al, 2009). 

The untreated control contained the buffer, in which the analogs were solubilised in. The data is 

from at least 3 independent experiments. 

 

CDV and its non-fatty-ester derivatives did not inhibit significantly the in vitro 

replication of JCV DNA in the concentrations analyzed (figure 4.2.1). On the contrary, 

HDP-CDV and HDEacCDV, the two fatty-ester CDV derivatives tested, inhibited the in 

vitro replication of JCV DNA (Figure 4.2.2). In agreement with the data obtained for SV40 

DNA replication, HDP-CDV showed concentration-dependent inhibition of in vitro 

replication of JCV DNA. The effects increased from 10% at 1.0 µM to 100% at 100 µM of 

the analog, as opposed to CDV which effects are indistinguishable from the untreated 

control (Figure 4.2.2). The HDP-CDV inhibited in vitro JCV DNA replication with IC50 of 

about 20 µM (figure 4.2.2). In a similar fashion, acCDV did not exert significant inhibitory 

effects on the in vitro replication of JCV DNA whereas its fatty-ester linked counterpart, 

HDEacCDV, inhibited the replication of JCV DNA in a concentration-dependent manner. 

The inhibitory effects of HDEacCDV and HDP-CDV on the in vitro replication of JCV 

DNA increased as the analogs concentrations increased from 1-100 µM, each exhibiting an 

IC50 of about 15 µM (Figure 4.2.2). The inhibitory effects of the analogs to JCV and SV40 
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DNA replication were similar, suggesting that the drugs do not display a species-specific 

bias between SV40 and JCV. 

 

 

Figure 4.2.2. Inhibition of in vitro JCV DNA Replication by Nucleotide Analogs. JCV DNA 

replication was performed using JCV TAg, HeLa replication extract, and JCV origin-containing 

plasmid (pJC433) in the presence of the analogs in the concentrations indicated and set up as 

previously described (Nesper et al, 1997; Mahon et al, 2009). The analogs analyzed are CDV 

(cidofivir) and acCDV (5-aza-cyclic-cidofovir) referred to as the non-fatty ester derivatives as well 

as HDP-CDV (hexadecyloxypropyl-cidofovir), and HDEacCDV (hexdecyloxyethyl-5-aza- 

cidofovir) also known as ‘the fatty-ester derivatives’. The untreated control contained the buffer, in 

which the analogs were solubilised in. The data is from at least 3 independent experiments. 

 

The mechanism of inhibition of in vitro replication of JCV DNA by the alcohol-

conjugated nucleotide analogs and their targets at this stage are still unknown but it is 

speculated that they inhibit viral TAg or cellular DNA Pol α-primase and Pol δ responsible 

for the replication of the viral DNA or both the TAg and the DNA polymerases as well as 

topoisomerase I could be the targets. The inhibition could be by directly competing with 

cellular nucleotides for binding to these enzymes or by allosteric modification of the 

enzymes by binding to putative allosteric sites. 
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4.3 BKV DNA Replication Is Inhibited by Fatty-Ester-Conjugated Analogs 

Having observed that the in vitro replication of SV40 and JCV were not affected 

differently, the question arose whether any differences in the actions of the nucleotide 

analogs can be obtained in the in vitro replication of BKV DNA. To investigate this, the 

effects of nucleotide analogs without alcohol moieties (namely CDV, CDV-P, CDV-PP, 

aCDV acCDV) on the in vitro replication of BKV DNA were evaluated at four different 

concentrations in parallel with that of the unlinked alcohol moiety, HDP-OH (Figure 4.3.1).  

 

 

Figure 4.3.1. Inhibition of in vitro BKV DNA Replication by Nucleotide Analogs. BKV DNA 

replication was performed using BKV TAg, HeLa replication extract, and BKV origin-containing 

plasmid (pBKVORI) in the presence of the analogs in the concentrations indicated and carrued out 

as described in Materials and Methods. The data are from at least 3 independent experiments. 

 

The data obtained showed that the analogs did not exert significant inhibition in the 

evaluated concentrations, showing similarity to the effects observed for these analogs in the 

in vitro replication of JCV and SV40 DNA. This shows that these drugs do no exhibit 

species-specificity and are not inhibitory in the concentrations tested. CDV-PP, the 

supposedly cellular metabolite of CDV, and the other non-fatty-ester containing derivatives 

of CDV did not show significant inhibition of in vitro replication of BKV DNA, which is 

in an agreement with the results obtained for in vitro replication of JCV and SV40 DNA. 

Furthermore, the evaluation of inhibition of in vitro replication of BKV DNA by HDP-CDV 

and HDEacCDV showed that the fatty-ester analogs inhibited BKV DNA replication in 

concentration-dependent manners (Figure 4.3.2). The inhibition obtained for these analogs 
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increased as their concentrations increased from 1-100 µM, with both, attaining IC50 of 20 

µM. The data suggested that the analogs showed similar inhibition on all the polyomavirus 

species studied. 

 

 

Figure 4.3.2. Inhibition of in vitro BKV DNA Replication by Nucleotide Analogs. BKV DNA 

replication was performed using BKV TAg, HeLa replication extract, and BKV-replication-origin 

containing plasmid (pBKVORI) in the presence of the analogs in the concentrations indicated and 

performed as described in Materials and Methods. The data are from at least 3 independent 

experiments.  
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To evaluate further the effects of these nucleotide analogs in the replication of 

polyomavirus DNA, monopolymerase replication assays using purified proteins were 

performed. The advantage of this assay over the in vitro replication assay as described in 

the previous chapter is that the in vitro assay uses crude extract that contains a variety of 

cellular proteins including the complete cellular replication machinery in addition to the 

viral TAg to replicate the viral DNA while pmonopolymerase assasys use defined protein 

components of the replication machinery namely human Pol α-primase, Topo I, and RPA 

in addition to TAg, to replicate the viral DNA. The defined protein composition of the 

monopolymerase assay narrows down the targets of the analogs and clears any ambiguity 

in interpretation of the data from the in vitro replication assays.   

 

5.1     Monopolymerase Replication of SV4O DNA Is Sensitive to Fatty-Ester 

Derivatives of Cidofovir 

The incorporation of dNMPs into SV40 DNA in the absence and in the presence of the 

nucleotide analogs was evaluated using the monopolymerase replication system (see Figure 

5.1). CDV at the concentrations tested did not significantly inhibit the replication of SV40 

DNA using the monopolymerase assay, and the replication activity in the presence of CDV 

was not significantly different from the untreated control. 

CDV-P like CDV did not show significant inhibition of the SV40 monopolymerase 

system even at 100 μM of the analog since the reduction of dNMP incorporation on the 

average was less than 5% compared to the experiments without analog. CDV-PP, the 

metabolite of CDV analogous to dCTP and which competes with dCTP for incorporation 

by CMV DNA polymerase did not inhibit monopolymerase replication of SV40 DNA as 

opposed to the results previously reported for CMV DNA replication (Bronson et al 1989a; 

1989b; Xiong et al, 1996, Mendel et al, 1997; Beadle et al, 2002). These results raise many 

questions bordering on the mechanism of action of these drugs, especially so because of the 

contradictions of these results to what was obtained in studies of the analogs in cell cultures 

(Krecmerová et al, 2012, 2014; Andrei et al, 2015; Beadle et al, 2002; Mertens, 2016).  

On evaluation of the effects of HDP-CDV on the monopolymerase replication of SV40 

DNA, data obtained revealed that the analog strongly inhibited the viral DNA replication in 

a concentration-dependent manner (see figure 5.1). The inhibitory effects increased as the 

analogs increased from 1 -100 µM, attaining near total inhibition at 50 μM of the analog. In 
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addition, HDEacCDV exhibits similar inhibitory effects as significant inhibition was 

obtained (Figure 5.1). 

 

  

Figure 5.1 Inhibition of the SV40 Monopolymerase DNA Replication by Nucleotide Analogs.  

SV40 monopolymerase DNA replication was performed using SV40 TAg, SV40 origin-containing 

plasmid (pUCHS), homogenously purified human Pol α-primase, Topo I, and RPA in addition to 

SV40 TAg in the presence of the analogs in the concentrations indicated. The analogs evaluated 

were CDV (cidofovir), CDV-P (cidofovir-monophosphate), CDV-PP (cidofovir-diphosphate), 

HDP-CDV (hexadecyloxypropyl-cidofovir) and HDEacCDV (hexadecyloxyethyl 5-aza-cyclic-

cidofovir). CDV is the unmodified analog while CDV-P and CDV-PP are the phosphorylated 

analogs. HDP-CDV and HDEacCDV are the alcohol derivatives of CDV and aza-cyclic-CDV, 

respectively. The experiment was set up as previously described. Relative incorporation was 

obtained by subtracting the background counts form all the sample counts and subsequently dividing 

the actual count for each experiment with the actual count for the untreated control and multiplying 

the ratio by 100%. The data are from at least 4 independent experiments.  

 

The data show strong inhibitory effects due to the fatty-ester derivatives of CDVas 

opposed to the CDV, CDV-P and CDV-PP, which did not inhibit significantly the 

monopolymerase replication of SV40 DNA. These data corroborated the data obtained for 

in vitro replication of SV40 (see chapter four). The fact that the monopolymerase 

experimental assays are devoid of the cellular barriers to make fatty-esterification relevant 

and are also devoid of the cellular enzymes to metabolize the fatty ester analogs, which are 

nevertheless very strong inhibitors of SV40 DNA replication, these data strongly support 

that the fatty-ester derived analogs may have acquired novel interaction that increased their 

efficacy rather than increased cellular uptake. 
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5.2 Effects of Analogs on Monopolymerase Replication of JCV DNA 

In order to further test whether the effects of the analogs observed in SV40 DNA 

replication is species-specific, the effects of the analogs were tested in the monopolymerase 

replication of JCV. Data obtained from the investigation of the effects of CDV, CDV-P, 

CDV-PP, aCDV, and acCDV on in vitro replication of SV40, JCV and BKV DNA as well 

as the monopolymerase replication of SV40 DNA revealed that these analogs are not 

inhibitory to the replication of these viruses and the effects are not specie-specific (all 

figures of chapter 4 and figure 5.1). Taking this into account, only four different 

concentrations 1, 10, 50 and 100 µM of the non-inhibitory analogs were evaluated in 2-3 

independent JCV monopolymerase replication assays. The data obtained did not show 

significant inhibition by these non-fatty-ester nucleotide analogs (data not shown). The 

fatty-ester-derived analogs (HDP-CDV and HDE-acCDV) that showed strong inhibition in 

the previous assays were further evaluated in more details in the replication of JCV DNA 

using purified proteins and the data obtained revealed that the JCV DNA replication is 

highly sensitive to these analogs (Figure 5.2).  

 

 

Figure 5.2 Inhibition of the JCV Monopolymerase DNA Replication by Nucleotide Analogs. 

The monopolymerase replication of JCV DNA was performed using JCV TAg, JCV origin-

containing plasmid (pJC433) and homogenously purified human Pol α-primase, Topo I, and RPA in 

the presence of the analogs (HDP-CDV and HDEacCDV) in the concentrations indicated. The 

experiment was performed as described previously and relative incorporation was obtained as 

described previously for SV40. The data is from at least 4 independent experiments. 
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The data indicate strong inhibition of monopolymerase replication of JCV DNA by 

HDP-CDV and HDEacCDV in concentration-dependent manners (Figure 5.2). HDP-CDV 

inhibited the replication of JCV DNA with inhibitory effects that increased as the analog 

concentrations increased from 1-100 µM, attaining IC50 of about 20 µM. Similarly, 

HDEacCDV inhibits the monopolymerase replication of the JCV DNA in a concentration-

dependent way (Figure 5.2). As the analog increases from 1 – 100 µM, its inhibitory activity 

also increases and 50% of dNMP incorporation activity was inhibited by about 20 µM of 

the analog, which is comparable to HDP-CDV. 

 

5.3 Effects of Analogs on Monopolymerase Replication of BKV DNA 

Investigation of the effects of the analogs on monopolymerase replication of BKV 

DNA revealed that CDV, CDV-P, CDV-pp, aCDV, acCDV, and HDP-OH did not inhibit 

the replication of BKV DNA (data not shown) but the two fatty-ester derived analogs 

inhibited the monopolymerase replication of pBKV-Ori DNA at the evaluated 

concentrations (Figure 5.3). The data showed that the monopolymersae replication of BKV 

DNA is inhibited by HDP-CDV in a concentration dependent manner (Figure 5.3). As the 

concentration of HDP-CDV increased to 100 µM, the inhibitory effects increased also with 

50% inhibition obtained at 20 µM of the analog. 

Investigation of the effects of HDEacCDV on the monopolymerase replication of BKV 

DNA revealed that the analog exhibited concentration dependent inhibition of the 

replication of pBKVORI. As the concentrations of the analog increased from 1 µM to 100 

μM, the inhibitory effects also increased. From the data obtained studying BKV, SV40 and 

JCV DNA replication using the monopolymerase system, it is evident that there is no or 

only little virus-specific influence regarding the effects of the analogs. CDV, CDV-P, CDV-

PP, aCDV, acCDV, and HDP-OH did not inhibit the monopolymerase replication of the 

polyomaviruses studied whereas the fatty ester derivative (HDP-CDV and HDEacCDV) 

inhibited the monopolymerase replication of all the polyomaviruses studied. This is an 

indication that the analogs acquired novel inhibitory activity due to its conjugation to the 

fatty-ester.  
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Figure 5.3 Inhibition of the BKV Monopolymerase DNA Replication by Nucleotide Analogs. 

The monopolymerase replication of BKV DNA using BKV TAg, BKV origin-containing plasmid 

(pBKVORI), purified human Pol α-primase, Topo I, and RPA in the presence of the analogs (HDP-

CDV and HDEacCDV) in the concentrations indicated. The experiment was carried out as described 

in Materials and Methods. Relative incorporation was obtained by subtracting the background 

counts form all the sample counts and subsequently dividing the actual count for each experiment 

with the actual count for the untreated control and multiplying the ratio by 100%. The data is from 

at least 4 independent experiments. 

 

Hence, questions for further investigation for subsequent unearthing of the mechanism 

of inhibition of polyomavirus DNA replication by these analogs are (1) Are there differences 

in analogs’ target milieu between the replication of the polyomavirus genome in cell culture 

and the in vitro replication of polyomavirus DNA, taking into account the differences 

between the present data and the data obtained from cell culture studies of the effects of the 

analog on polyomavirus DNA replication (Topalis et al, 2011)? (2) What is the mechanism 

of inhibition of polyomavirus DNA replication by the fatty-ester-derived nucleotide analog? 
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To investigate the cellular replication factors that are targets of the nucleotide analogs, 

the effects of theses analogs on human DNA Polymerase -primase (Pol α-primase) and 

DNA Polymerase δ (Pol δ), the human DNA polymerases responsible for the replication 

polyomavirus genome, were evaluated. To evaluation employed DNA synthesis assay using 

either activated DNA as substrate or using in vitro synthesized and annealed 

primer/template oligos as substrate.  

 

6.1 Determination of the Enzyme Activity of Human DNA Polymerase α-primase 

Prior to testing the effects of the analogs on the enzymes, the activity of human Pol α-

primase enzyme was determined using activated DNA substrate in DNA synthesis assay as 

previously described by Nasheuer and Grosse, who defined a unit of the enzyme as the 

amount of the enzyme required to incorporate 1,000 picomole of deoxynucleotide 

monophosphate dNMP in one hour (1,000 pmol/h) (Nasheuer and Grosse, 1987). 

 

 

Figure 6.1. Kinetics of DNA Pol α-primase. The DNA synthesis assay was performed as 

previously described (Nasheuer and Grosse 1987, 1988) using activated DNA as template and 

increasing amounts of Pol α-primase as indicated to define the unit of enzyme activity. The reaction 

was performed in a 20 μL volume and stopped after 10 minutes by spotting 15 μL of the reaction 

products on glass microfiber discs and immersing the discs in ice-cold 10% TCA with 0.02% sodium 

pyrophosphate for 10 minutes with intermittent gentle shaking. The discs were subsequently washed 

3 times in ice-cold 1 M HCl before they were dried and counted using a scintillation counter and 

incorporation rate determined. 
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From figure 6.1, the unit of the purified Pol α-primase previously defined as the amount 

of the enzyme to catalyze the incorporation of 1000 pmol/h of dNMP is about 80 ng of the 

enzyme. 

 

6.2 Effects of Analogs on the Synthesis of DNA by Human DNA Polymerase α-primase 

After characterizing the activity of human Pol α-primase, the effects of the nucleotide 

analogs on DNA synthesis activity of the enzyme were investigated using the assay 

protocol as previously described (Nasheuer and Grosse, 1987, 1988) and testing various 

concentrations of the analogs as indicated (Figure 6.2). The data obtained revealed that 

analogs that were not conjugated to alcohol moiety, which included CDV, CDV-P, and 

CDV-PP, did not inhibit the DNA synthesis activity of Pol α-primase at the studied 

concentrations (figure 6.2). The unconjugated alcohol moiety, HDP-OH, also did not 

inhibit the DNA synthesis activity of Pol α-primase (see figure 6.2).  

 

 
Figure 6.2. Effects of Analogs on the DNA Synthesis Activity of Pol α-primase. To determine 

the effects of the analogs (CDV, CDV-P, CDV-PP, HDP-CDV, HDEacCDV, and HDP-OH) on the 

DNA synthesis activity of Pol α-primase, DNA synthesis assay was performed as previously 

described (Nasheuer and Grosse, 1987, 1988) using activated DNA and Pol α-primase in the 

presence or absence of the nucleotide analogs at the indicated concentrations. 

 

On the contrary, HDP-CDV and HDEacCDV (the fatty ester conjugated analogs) 

inhibited DNA synthesis activity of Pol α-primase in concentration dependent manners 

(figure 6.2). The inhibitory effects of HDP-CDV increased as its concentrations increased, 
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achieving 50% inhibition of dNMP incorporation at 20 µM of the analog. The data obtained 

from the evaluation of the effects of the analogs on DNA synthesis activity of Pol α-primase 

showed that the analogs, which were not linked with alcohols, did not inhibit the DNA 

synthesis activity of Pol α-primase but both fatty-ester-linked analogs inhibited DNA 

synthesis activity of Pol α-primase. The data supports the hypothesis that the fatty-ester 

conjugated analogs may have gained additional inhibitory properties, which explains the 

increase in inhibitory potencies of these analogs as opposed to the unmodified analogs. The 

increase in cellular uptake of the fatty-ester analogs alone as opposed to the unmodified 

analogs as previously proposed is not suffice to explain the drastic increase in inhibition 

potencies of the fatty-ester analogs.  

 

6.3 Effects of Analogs in the Presence of Different Concentrations of Deoxynucleotides 

To elucidate the mechanism of inhibition of Pol α-primase by fatty ester-conjugated 

nucleotide analogs, the effects of analogs in presence of different concentrations of 

deoxynucleotides were investigated in Pol α-primase-catalyzed DNA synthesis assays. The 

assays evaluated the effects of increasing concentrations of the nucleotide analogs on 

different concentrations of one deoxynucleotide at a time while the concentrations of the 

three other deoxynucleotides were kept constant at 100 µM. 

 

6.3.1 Effects of Fatty-Ester Conjugated Analogs on Human DNA Polymerase α-

primase Catalyzed DNA Synthesis with Respect to dCTP 

To investigate the effects of the inhibitory activities of HDP-CDV and to determine the 

mechanism by which the analog inhibits Pol α-primase-catalyzed DNA synthesis with 

respect to dCTP, the dCTP concentrations were varied from 0.1 µM to 100 µM in Pol α-

primase DNA synthesis assays in the presence of PBS (the solvent), 10, 50 or 100 µM of 

the analog. The data obtained showed that HDP-CDV inhibited DNA synthesis activity of 

Pol α-primase to similar degrees irrespective of the dCTP concentration. Further evaluation 

of the data was performed by fitting the data using nonlinear regression into Michealis-

Menten plot on Prism GraphPad to determine the enzyme kinetics (Figure 6.3.1.1). The 

enzyme kinetics determined from the plot revealed that the Km for the incorporation of 

dNMP in the presence of PBS (the solvent for dissolution of the analog) was 1.659 ± 0.29 

µM and the Vmax was 128.7 ± 4.127 pmol/h when 0.13 U of Pol α-primase was used (table 
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6.1). On addition of 10 µM of HDP-CDV, the apparent Km and Vmax changed slightly to 2.3 

± 0.287 and 119.1 ± 2.87 respectively.  

 

 

Figure 6.3.1.1 Kinetics of Inhibition of Pol α-Primase by Hexadecyloxypropyl-cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with respect to 

increasing amounts of dCTP. The data have been fitted into Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad. The graphs show dNMP incorporation rate in the presence 

of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM of HDP-CDV (green, red, purple 

and black graphs, respectively). The further analyses of the experiments are summarised in Table 

6.1. The data were from 3 independent experiments.  

 

The addition of 50 µM of HDP-CDV caused a significant increase in the apparent Km 

to 36.49 ± 2.293 µM and a considerable decrease in Vmax to 59.89 ± 3.285 pmol/h. 

Similarily, the addition of 100 µM of the analog caused the apparent Km to increase 

significantly to 73.52 ± 22.4 µM and a significant decrease in Vmax to 20.87 ± 3.37 pmol/h 

(see table 6.1). The kinetical analysis HDP-CDV revealed a mixed inhibition of Pol α-

primase by the analog, with significant decreases in Vmax (uncompetitive inhibition) and 

increase in apparent Km (competitive inhibition). 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and dCTP Variation 

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 128.7 119.1 59.89 20.87 

Km 1.659 2.264 36.49 73.52 

Std. Error 

Vmax 4.127 2.871 2.293 3.369 

Km 0.2929 0.2866 3.285 22.4 

 

Table 6.1 Kinetics of Inhibition of Pol α-Primase by Hexadecyloxypropyl Cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The Table shows kinetic parameters derived from Michaelis-Menten plot of the rate of 

incorporation of dNMP by Pol α-primase. The data were fitted into Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad. The experiments were with respect to increasing amounts 

of dCTP in the presence of PBS, 10, 50 and 100 μM of HDP-CDV as indicated in the table. The data 

were further fitted with the Mixed-Model Inhibition equation with nonlinear regression on Prism 

GraphPad to further calculate the kinetic parameters. The tables of data obtained therefrom, in 

addition to a more detailed analysis of the Michaelis-Menten fitted data, are shown in appendices 2 

and 1, respectively. 

 

 

In addition, the effects of HDEacCDV on the kinetics of Pol α-primase-catalyzed DNA 

synthesis with respect to dCTP were investigated and the data obtained from 4 independent 

experiments revealed that the analog affected the DNA synthesis activity of the enzyme 

with weak competitive inhibition with respect to dCTP. The apparent Km increased from 

2.16 ± 0.13 µM of the untreated control by about 2.5-fold when 50 µM and 100 µM of the 

analog were respectively added (Figures 6.3.1.2 and Table 6.2) and showed a 1.3-fold 

increase when 10 µM of the analog was added. The addition of the analog did not decrease 

the Vmax. Rather the Vmax changed from 259 ± 2.98 pmol/h for the PBS-treated sample to 

297.7 ± 3.65 when 10 µM of the analog was added. The Vmax of the enzyme slightly 

increased when 50 and 100 µM of the inhibitor were added but the changes were not 

significant (Figure 6.3.1.2 and Table 6.2). On comparing the two analogs, the HDP-CDV 

showed stronger inhibition of the replication activity of Pol α-primase relative to the 

inhibition of the enzyme by HDEacCDV and the HDP-CDV inhibited with mixed inhibition 

mechanism while HDEacCDV showed weak competitive inhibition with respect to dCTP.  
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Figure 6.3.1.2 Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic 

Cidofovir (HDEacCDV). The DNA synthesis assay was carried out as previously described 

(Nasheuer and Grosse, 1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-

primase with respect to increasing amounts of dCTP. The data have been fitted into the Michaelis-

Menten equation with nonlinear regression on Prism GraphPad. The graphs show dNMP 

incorporation rate in the presence of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM 

of HDEacCDV (green, red, purple and black graphs, respectively). The further analyses of the 

experiments are summarised in Table 6.2. The data were from 3 independent experiments. 

Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and dCTP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 259.3 297.7 289.7 244.9 

Km 2.17 2.88 5.47 5.43 

Std. Error 

Vmax 3.645 3.998 3.905 4.067 

Km 0.1455 0.1854 0.3156 0.3861 

 

Table 6.2. Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic Cidofovir 

(HDEacCDV). The DNA synthesis assay was carried out as previously described (Nasheuer and 

Grosse, 1987, 1988). The Table shows kinetic parameters derived from Michaelis-Menten plot of 

the rate of incorporation of dNMP by Pol α-primase with respect to increasing amounts of dCTP. 

The rows and columns show the Vmax and Km of dNMP incorporation by Pol α-primase in the 

presences of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM of HDEacCDV as well 

as the standard errors. The data were from 3 independent experiments. Subsequently, the data were 

fitted with Mixed-Model Inhibition equation with nonlinear regression on Prism GraphPad to further 

calculate the kinetics parameters. The tables of data obtained therefrom, in addition to a more 

detailed analysis of the Michaelis-Menten fitted data are shown in appendices 4 and 3 respectively. 
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For comparison of these data with published data and known mechanism, the inhibition of 

Pol α-primase by aphidicolin was also studied. The effects of aphidicolin on Pol α-primase 

have been well characterized previously and its mechanism of inhibition of the DNA 

synthesis activity of the enzyme with respect to dCTP has been reported to be competitive 

(Krokan et al, 1981; Haraguchi et al, 1983). In consonance with the previous reports for 

aphidicolin inhibition, the data obtained from the present investigation of the effect of 

aphidicolin on DNA synthesis activity of Pol α-primase revealed competitive inhibition 

mechanism of Pol α-primase with respect to dCTP (Krokan et al, 1981; Haraguchi et al, 

1983). 

 

Figure 6.3.1.3. Kinetics of Inhibition of Pol α-Primase by Aphidicolin. The DNA synthesis assay 

was carried out as previously described (Nasheuer and Grosse, 1987, 1988). The figure shows the 

rate of incorporation of dNMP by Pol α-primase with respect to increasing amounts of dCTP. The 

data have been fitted into Michaelis-Menten equation with nonlinear regression on Prism GraphPad. 

The graphs show dNMP incorporation rate in the presence of DMSO (the solvent to dissolve the 

drug), 30 and 90 μM of aphidicolin (green, red and black graphs, respectively). The further analyses 

of the experiments are summarised in Table 6.3. The data were from 2 independent experiments. 
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Michaelis-Menten Kinetic: Pol α-primase with Aphidicolin and dCTP Variation  

Solvent and Analog Concentrations:  DMSO 30 µM 90 µM 

Best-fit values for: 

Vmax 333.2 333.7 356.6 

Km 2.278 16.39 52.36 

Std. Error 

Vmax 9.468 10.15 1.714 

Km 0.3663 1.971 0.5503 

 

Table 6.3. Kinetics of Inhibition of Pol α-primase by Aphidicolin. The DNA synthesis assay was 

carried out as previously described (Nasheuer and Grosse, 1987, 1988). The Table shows kinetic 

parameters derived from Michaelis-Menten plot of the rate of incorporation of dNMP by Pol α-

primase with respect to increasing amounts of dCTP. The rows and columns show the Vmax and Km 

of dNMP incorporation by Pol α-primase in the presence of DMSO, 30 and 90 μM of aphidicolin as 

well as the standard errors. The data were from 2 independent experiments. Subsequently, the data 

were fitted with Mixed-Model Inhibition equation with nonlinear regression on Prism GraphPad to 

further calculate the kinetics parameters. The table of data obtained from further analyses, in addition 

to a more detailed presentation of the Michaelis-Menten fitted data, are respectively shown in 

appendices 6 and 5. 

The Vmax remained unchanged from 333.2 ± 9.47 pmol/h when solvent (DMSO) was added 

to 333.7 ± 10.15 pmol/h when 30 μM of aphidicolin was added. The same concentration of 

the drug caused a more than 7-fold increase in apparent Km (from 2.278 ± 0.37 to 16.39 ± 

1.97 μM). Further, the addition of 90 μM of aphidicolin revealed a more drastic increase in 

apparent Km to 52.36 ± 0.55 µM from 2.278 ± 0.37 µM of the DMSO added samples but no 

no significant effect on the Vmax (Figure 6.3.1.3 and Table 6.3), a data that is also in 

consonance with the previously reported action of the drug on Pol α-primase (Krokan et al, 

1981; Haraguchi et al, 1983).  

Comparing the data obtained from the aphidicolin analysis with the data obtained for HDP-

CDV and HDEacCDV revealed that the inhibition mechanism of Pol α-primase by HDP-

CDV differ from the mechanism observed for aphidicolin. As previously shown and 

reproduced here, Aphidicolin competitively inhibits Pol α-primase DNA synthesis activity 

with respect to dCTP but the inhibition mechanism observed for the fatty-ester-conjugated 

nucleotide analog, HDP-CDV, with respect to dCTP is mixed competitive (increase in Km) 

and noncompetitive (decrease in Vmax). On the contrary, HDEacCDV showed weak 

competitive inhibition of Pol α-primase DNA synthesis activity with respect to dCTP 

(compare Figures 6.3.1.1 – 6.3.1.3, Tables 6.1 – 6.3 and Appendices 1 – 3).  
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6.3.2 Effects of Fatty-Ester-Conjugated Analogs on Human DNA Polymerase -

Primase DNA Synthesis with Respect to dGTP, dTTP and dATP  

 

To further investigate whether HDP-CDV and HDEacCDV inhibit Pol α-primase DNA 

synthesis activity with respect to dGTP, dTTP, or dATP with mechanisms similar to what 

was obtained for the analogs’ activity against the enyme with respect to dCTP, the kinetics 

of inhibition of Pol α-primase DNA synthesis were evaluated with respect to these 

deoxynucleotides in the presence of PBS, 10, 50 and 100 μM of the analogs (Figures 6.3.2.1 

to 6.3.2.6 and Tables 6.4 – 6.10). The data obtained from these investigations revealed that 

HDP-CDV inhibited Pol α-primase DNA synthesis activity with respect to dATP, dGTP 

and dTTP with complex but noncompetitive inhibition mechanisms. Further evaluation of 

the effects of the analog on Pol α-primase kinetics with respect to dATP revealed no change 

in apparent Km as the solvent (PBS)-treated samples has Km value of 1.58 ± 0.072 µM while 

1.477 ± 0.13, 1.201 ± 0.26 µM, and 0.9351 ± 0.36 µM were the respective Km values 

obtained when 10, 50 and 100 μM of HDP-CDV were added in the respective order (Table 

6.4 and Figure 6.3.2.1).  

 

 

Figure 6.3.2.1 Kinetics of Inhibition of Pol α-Primase by Hexadecyloxyproyl Cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with respect to 

increasing amounts of dATP. The data have been fitted into Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad. The graphs show dNMP incorporation rate in the presence 

of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM of HDP-CDV (green, red, purple 

and black graphs, respectively). The further analyses of the experiments are summarised in Table 

6.4. The data were from 2 independent experiments. 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and dATP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 149.4 115.5 31.19 12.93 

Km 1.58 1.477 1.201 0.9351 

Std. Error 

Vmax 1.309 1.997 1.319 0.7833 

Km 0.07208 0.1298 0.2621 0.3577 

 

Table 6.4. Kinetics of Inhibition of Pol α-primase by Hexadecyloxyproyl Cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase primase with 

respect to increasing amounts of dATP. The data were fitted into Michaelis-Menten equation with 

nonlinear regression using Prism GraphPad and the kinetic data obtained from the Michaelis-Menten 

fitting presented here. The rows and columns show the Vmax and Km of dNMP incorporation by 

Pol α-primase in the presences of PBS, 10, 50 and 100 μM of Hexadecyloxyproyl Cidofovir (HDP-

CDV) as well as the standard errors. The data were from 2 independent experiments. The data were 

further fitted with Mixed-Model Inhibition equation with nonlinear regression on Prism GraphPad 

to further calculate the kinetic parameters. The tables of data obtained therefrom, in addition to a 

more detailed analysis of the Michaelis-Menten fitted data, are shown in appendices 8 and 7.  

 

 

However, the addition of the fatty ester-modified analog produced a concentration-

dependent decrease in Vmax from 149.4 ± 1.3 pmol/h for the PBS-treated control to 115.5 ± 

2.0, 31.19 ± 1.3 and 12.93 ± 0.79 pmol/h when 10, 50 and 100 μM of HDP-CDV were 

respectively added. The data show that HDP-CDV inhibits the DNA synthesis activity of 

Pol α-primase noncompetitively with respect to dATP. 

In a similar manner, the effect of HDEacCDV on the DNA synthesis activity of Pol α-

primase with respect to dATP was evaluated and the data revealed a slight inhibitory effect 

on the DNA synthesis activity of the enzyme with respect to dATP (Figure 6.3.2.2).  
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Figure 6.3.2.2 Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic 

Cidofovir (HDEacCDV). The DNA synthesis assay was carried out as previously described 

(Nasheuer and Grosse, 1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-

primase with respect to increasing amounts of dATP. The data have been fitted into Michaelis-

Menten equation with nonlinear regression on Prism GraphPad. The graphs show dNMP 

incorporation rate in the presence of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM 

of HDEacCDV (green, red, purple and black graphs, respectively). The further analyses of the 

experiments are summarised in Table 6.5. The data were from 2 independent experiments. 

 

 

The apparent Km and Vmax only changed slightly upon addition of the analog as 

presented in Figure 6.3.2.2 and Table 6.5. The Km changed from 1.37 ± 0.26 µM for the 

PBS treated control to 1.93 ± 0.32, 2.42 ± 0.34 and 2.26 ± 0.08 µM when 10, 50 and 100 

µM of the analog were respectively added (see Table 6.5). Also, the addition of the analog 

did not lead to significant changes in Vmax as shown on Table 6.5 and Figure 6.3.2.2). 
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and dATP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 238.8 234.5 227.4 205 

Km 1.365 1.925 2.422 2.259 

Std. Error 

Vmax 6.949 6.515 5.285 1.333 

Km 0.2554 0.3188 0.3394 0.07896 

 

Table 6.5. Kinetics of Inhibition of Pol α-primase by. The DNA synthesis assay was carried out 

as previously described (Nasheuer and Grosse, 1987, 1988). The figure shows the rate of 

incorporation of dNMP by Pol α-primase primase with respect to increasing amounts of dATP. The 

data has been fitted into Michaelis-Menten equation with nonlinear regression on Prism GraphPad 

and the kinetics obtained from the Michaelis-Menten fitting presented here. The rows and columns 

show the Vmax and Km of dNMP incorporation by Pol α-primase in the presences of PBS, 10, 50 

and 100 μM of Hexadecyloxyethyl 5-aza-cyclic Cidofovir (HDEacCDV as well as the standard 

errors. The data were from 2 independent experiments. The data were further fitted with Mixed-

Model Inhibition equation with nonlinear regression on Prism GraphPad to further calculate the 

kinetic parameters. The tables of data obtained therefrom, in addition to a more detailed analysis of 

the Michaelis-Menten fitted data are shown in appendices 10 and 9 respectively. 

 

 

Further, the effect of HDP-CDV on the DNA synthesis activity of Pol α-primase with 

respect to dGTP was evaluated and the data revealed a noncompetitive inhibition, in which 

the addition of 10 and 100 µM of the analog produced unchanged apparent Km (Figure 

6.3.2.3 and Table 6.6). The apparent Km remained fairly unchanged but the Vmax changed 

from 119.8 ± 4.73 pmol/h for the PBS-treated control to 101.6 ± 6.34 and 8.97 ± 0.32 pmol/h 

when 10 and 100 µM of the analog were respectively added.  
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Figure 6.3.2.3. Kinetics of Inhibition of Pol α-Primase by Hexadecyloxyproyl Cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with respect to 

increasing amounts of dGTP. The data have been fitted into Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad. The graphs show dNMP incorporation rate in the presence 

of PBS (the solvent to dissolve the analogs), 10 and 100 μM of HDP-CDV (green, red and black 

graphs, respectively). The further analyses of the experiments are summarised in Table 6.6. The data 

were from 2 independent experiments. 

 

Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and dGTP Variation  

Solvent and Analog Concentrations:  PBS 10 µM 100 µM 

Best-fit values for: 

Vmax 119.8 101.6 8.965 

Km 1.821 1.491 2.126 

Std. Error 

Vmax 4.727 6.344 0.3298 

Km 0.3832 0.4974 0.4005 

 

Table 6.6. Kinetics of Inhibition of Pol α-primase by. The DNA synthesis assay was carried out 

as previously described (Nasheuer and Grosse, 1987, 1988). The figure shows the rate of 

incorporation of dNMP by Pol α-primase primase with respect to increasing amounts of dGTP. The 

data has been fitted into Michaelis-Menten equation with nonlinear regression on Prism GraphPad 

and the kinetics obtained from the Michaelis-Menten fitting presented here. The rows and columns 

show the Vmax and Km of dNMP incorporation by Pol α-primase in the presences of PBS, 10 and 

100 μM of Hexadecyloxyproyl Cidofovir (HDP-CDV) as well as the standard errors. The data were 

from 2 independent experiments. The data were further fitted with Mixed-Model Inhibition equation 

with nonlinear regression on Prism GraphPad to further calculate the kinetic parameters. The tables 

of data obtained therefrom, in addition to a more detailed analysis of the Michaelis-Menten fitted 

data, are shown in appendices 12 and 11, respectively. 
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Subsequently, the effect of HDEacCDV on the DNA synthesis activity of Pol α-

primase with respect to dGTP was evaluated as shown in (Figure 6.3.2.4 and Table 6.7). 

 

  

Figure 6.3.2.4 Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic 

Cidofovir (HDEacCDV). The DNA synthesis assay was carried out as previously described 

(Nasheuer and Grosse, 1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-

primase with respect to increasing amounts of dGTP. The data have been fitted with Michaelis-

Menten equation with nonlinear regression on Prism GraphPad. The graphs show dNMP 

incorporation rate in the presence of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM 

of HDEacCDV (green, red, purple and black graphs, respectively). Note green and red graphs are 

superimposed. The further analyses of the experiments are summarised in Table 6.7. The data were 

from 2 independent experiments.  

 

The data revealed that the addition of HDEacCDV produced a concentration-dependent 

noncompetitive inhibition of Pol α–primase catalyzed DNA synthesis activity with respect 

to dGTP. The addition of 10 µM of the analog produced kinetic parameters like the PBS 

treated control (unchanged Km and Vmax) (see Table 6.6 and Figure 6.3.2.4). Also, the 

addition of 50 and 100 µM of the analog produced nearly unchanged apparent Km values of 

1.053 ± 0.7 and 1.73 ± 0.2 µM, respectively, in comparison to Km = 1.12 ± 0.3 µM of the 

PBS-treated control (Table 6.6). However, the Vmax decreased from 258 ± 0.84 pmol/h of 
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the PBS-treated control to 192.5 ± 1.75 and 140.9 ± 2.68 pmol/h on addition of 50 and 100 

µM of the analog, respectively. 

Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and dGTP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 258 256.8 192.5 140.9 

Km 1.119 1.064 1.053 1.727 

Std. Error 

Vmax 0.8433 4.008 1.75 2.675 

Km 0.02533 0.1167 0.06747 0.2013 

 

Table 6.7. Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic Cidofovir 

(HDEacCDV) with respect to increasing amounts dGTP. The DNA synthesis assay was carried 

out as previously described (Nasheuer and Grosse, 1987, 1988). The figure shows the rate of 

incorporation of dNMP by Pol α-primase with respect to increasing amounts of dGTP. The data has 

been fitted into Michaelis-Menten equation with nonlinear regression on Prism GraphPad and the 

kinetics obtained from the Michaelis-Menten fitting presented here. The rows and columns show 

the Vmax and Km of dNMP incorporation by Pol α-primase in the presences of PBS, 10, 50 and 

100 μM of Hexadecyloxyethyl 5-aza-cyclic Cidofovir (HDEacCDV) as well as the standard errors. 

The data were from 2 independent experiments. The data were further fitted with Mixed-Model 

Inhibition equation with nonlinear regression on Prism GraphPad to further calculate the kinetic 

parameters. The tables of data obtained therefrom, in addition to a more detailed analysis of the 

Michaelis-Menten fitted data, are shown in appendices 14 1nd 13 respectively. 

 

The effects of the fatty ester modified nucleotide analogs, hexadecyloxypropyl 

Cidofovir (HDP-CDV) and hexadecyloxyethyl 5-aza-cyclic Cidofovir (HDEacCDV) on Pol 

α-primase DNA synthesis activity with respect to increasing amounts of dTTP were also 

investigated. The data revealed that with respect to dTTP, HDP-CDV inhibited the DNA 

synthesis activity of the enzyme noncompetitively (see Figure 6.3.2.5 and Table 6.8). HDP-

CDV caused insignificant changes in the apparent Km but a significant and concentration-

dependent decrease in Vmax. The Km changed from 2.66 ± 0.23 µM in the PBS treated control 

to 1.58 ± 0.2, 2.55 ± 0.46 and 1.53 ± 0.53 µM respectively when 10, 50 and 100 µM of the 

analog were added. The changes observed for the Vmax were from 136.41 ± 2.3 pmol/h when 

the solvent (PBS) was added to 106.75 ± 2.67, 49.22 ± 1.88 and 15.65 ± 1.02 pmol/h 

following the addition of 10, 50 and 100 µM of HDP-CDV, respectively (Figure 6.3.2.5 and 

Table 6.7).  Also 100 µM of HDP-CDV caused slight change in Km and significant decrease 

in Vmax with respect to dTTP as the apparent Km and Vmax changed to 2.14 ± 0.3 µM and 

21.29 ± 0.78 pmol/h respectively when treated with 100 µM of the analog (Figure 6.3.2.5).   
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Figure 6.3.2.5 Kinetics of Inhibition of Pol α-primase by Hexadecyloxypropyl Cidofovir 

(HDP-CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and 

Grosse, 1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with 

respect to increasing amounts of dTTP. The data have been fitted with Michaelis-Menten equation 

with nonlinear regression on Prism GraphPad. The graphs show dNMP incorporation rate in the 

presence of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM of HDEacCDV (green, 

red, purple and black graphs, respectively). Note green and red graphs are superimposed. The further 

analyses of the experiments are summarised in Table 6.8. The data were from 2 independent 

experiments. 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and dTTP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 136.4 106.7 49.22 15.65 

Km 2.664 1.584 2.552 1.534 

Std. Error 

Vmax 2.598 2.671 1.877 1.012 

Km 0.2319 0.2035 0.4624 0.5296 

 

Table 6.8. Kinetics of Inhibition of Pol α-primase by Hexadecyloxypropyl Cidofovir (HDP-

CDV). The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase primase with 

respect to increasing amounts of dTTP. The data was fitted with Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad and presented on this table. The rows and columns show 

the Vmax and Km, with the standard errors, of dNMP incorporation by Pol α-primase in the 

presences of PBS, 10, 50 and 100 μM of Hexadecyloxyproyl Cidofovir (HDP-CDV). The data were 

from 2 independent experiments. These data were further fitted with Mixed-Model Inhibition 

equation with nonlinear regression on Prism GraphPad to further calculate the kinetic parameters. 

The table obtained therefrom, in addition to a more detailed table of the Michaelis-Menten fitted 

data are shown in appendices 16 and 15. 
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In a similar manner, the data revealed that HDEacCDV (Hexadecyloxyethyl 5-aza-

cyclic Cidofovir) inhibited Pol α- primase DNA synthesis activity noncompetitively with 

respect to increasing amount of dTTP (see Figure 6.3.2.6 and Table 6.9). The apparent Km 

changed from 2.38 ± 0.13 of the PBS-treated sample to 2.76 ± 0.41, 3.04 ± 0.07 and 8.8 ± 

0.65 µM respectively following the addition of 10, 50 and 100 µM of the nucleotide analog. 

The Vmax changed slightly from 143.3 ± 1.38 pmol/h for the PBS-treated control to 137.7 ± 

3.8, 106.2 ± 0.47 and 83.61 ± 1.65 pmol/h following the addition of 10, 50 and 100 µM of 

the analog, respectively (Figure 6.3.2.6 and Table 6.9). 

 

             

Figure 6.3.2.6. Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic 

Cidofovir (HDEacCDV). The DNA synthesis assay was carried out as previously described 

(Nasheuer and Grosse, 1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-

primase with respect to increasing amounts of dTTP. The data have been fitted with Michaelis-

Menten equation with nonlinear regression on Prism GraphPad. The graphs show dNMP 

incorporation rate in the presence of PBS (the solvent to dissolve the analogs), 10, 50 and 100 μM 

of HDEacCDV (green, red, purple and black graphs, respectively). The data were obtained from 2 

independent experiments. The further analyses of the experiments are summarised in Table 6.9.  
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and dTTP Variation  

Solvent and Analog 

Concentrations:  PBS 10 µM 50 µM 100 µM 

Best-fit values for: 

Vmax 143.3 137.7 106.2 83.61 

Km 2.382 2.762 3.036 8.798 

Std. Error 

Vmax 1.381 3.795 0.4658 1.653 

Km 0.1287 0.4082 0.06937 0.649 

 

Table 6.9. Kinetics of Inhibition of Pol α-primase by Hexadecyloxyethyl 5-aza-cyclic Cidofovir 

(HDEacCDV) with respect to increasing amounts of dTTP. The DNA synthesis assay was carried 

out as previously described (Nasheuer and Grosse, 1987, 1988). The figure shows the rate of 

incorporation of dNMP by Pol α-primase with respect to dTTP. The data has been fitted into 

Michaelis-Menten equation with nonlinear regression on Prism GraphPad and the kinetics obtained 

from the Michaelis-Menten fitting presented here. The rows and columns show the Vmax and Km 

of dNMP incorporation by Pol α-primase in the presences of PBS, 10, 50 and 100 μM of 

Hexadecyloxyethyl 5-aza-cyclic Cidofovir (HDEacCDV) as well as the standard errors. The data 

were obtained from 2 independent experiments. The data were further fitted with Mixed-Model 

Inhibition equation with nonlinear regression on Prism GraphPad to further calculate the kinetic 

parameters. The tables of data obtained therefrom, in addition to a more detailed analysis of the 

Michaelis-Menten fitted data, are shown in appendices 18 and 17. 

 

 

6.4 Understanding the Mechanism of Inhibition of dCTP Utilization by HDP-CDV and 

Its Enatiomer CMX029 

 

The previously described data from the studies of the effects of the nucleotide analogs 

and their derviatives on the in vitro and monopolymerase replication of polyomavirus DNA 

(chapters 4 and 5) as well as the data obtained from the study of the kinetics of inhibition of 

Pol α-primase-catalyzed DNA synthesis by the fatty-ester linked nucleotide analogs, lead to 

the hypothesis that the fatty-ester modified nucleotide analogs are capable of exerting their 

inhibitory effects without undergoing further modifications. Further, the data obtained from 

these studies of the fatty-ester modified nucleotide analogs on DNA synthesis activity of 

Pol α-primase with respect to dCTP evidently revealed that the analogs bind to the dCTP 

binding site and to a putatively different binding site (hence, the mixed competitive and 

nonompetitive inhibition mechanism). These fatty-ester modified cidofovir can bind to the 

dCTP and/ other binding sites because of the linking of the fatty-ester to it, noting that its 

putative active metabolite (CDV-PP) and the alcohol moieties alone failed to inhibit the Pol 

α-primase DNA synthesis activity. 
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Based on these data, it was hypothesized that (1) the binding of the fatty-ester analogs 

to the dCTP binding site and subsequent incorporation of the analog to the strand being 

synthesized could be the mechanism through which the analogs inhibit DNA synthesis by 

Pol α-primase (2) or it could be that the binding of the fatty-ester modified nucleotide 

analogs to the putatively novel binding site and/or to the dCTP binding site reversibly 

inactivates the enzyme (3) or it could through both mechanisms. These hypotheses lead to 

the synthesis, by Chimerix, of HDP-CDV (Hexadecyloxypropyl Cidofovir) enantiomer 

named CMX029 that is capable of binding to the DNA replicating enzymes but can not be 

metabolized or incorporated by the Pol α-primase. These hypotheses were subsequently 

investigated using Pol α-primase catalyzed DNA synthesis on a synthetic 18:33-mer 

primer/template substrate in the presence or absence of different concentrations of the 

analogs and dCTP (Figure 6.4.1).  

The data obtained revealed that CDV-PP, the active metabolite of CDV that previously 

inhibited DNA synthesis by vaccina and CMV DNA polymerases when incorporated 

(Xiong et al, 1997; Magee et al, 2005; 2008), did not inhibit the Pol α-primase DNA 

synthesis or was incorporated in the absence of dCTP not even when relatively high amount 

of analog was present (see lanes 8 –11 of Figure 6.4.1). Also, CDV-PP did not inhibit the 

incorporation of dNMP in Pol α-primase DNA synthesis experiment using synthetic 

substrate when effects of the analogs were assayed in the presence of 1, 10, and 100 μM of 

dCTP (data not shown).  

The data also revealed that HDP-CDV, the fatty-ester derivative of CDV, could not 

substitute for dCTP in Pol α-primase-catalyzed DNA synthesis but nevertheless inhibited 

the DNA synthesis activity of the enzyme in a concentration-dependent manner (Figure 

6.4.1, lanes 16 – 19). The products of the Pol α-primase-catalyzed DNA synthesis following 

the addition of HDP-CDV ranged from partially synthesized primers at concentrations from 

1 – 10 μM of the nucleotide analog (Figure 6.4.1, see lanes 16 and 17) to total inhibition of 

DNA synthesis activity of the enzyme at 50 and 100 μM of the nucleotide analog (Figure 

6.4.1, lanes 18 and 19). The data also showed that HDP-CDV is not incorporated hence, its 

inhibitory effect is not caused by the incorporation of the analog into the newly synthesized 

strand but probably due to the allosteric modification of the enzyme because of the binding 

of the analog to the enzyme’s dCTP binding and / or other binding sites (Figure 6.4.1, 

compare lanes 16 – 19 with lanes 1– 6).  

Furthermore, the data showed that the putative active CDV metabolite, CDV-PP, could 

not sufficiently substitute for dCTP but gets incorporated by Pol α-primase to the 
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synthesized strand although with very low affinity relative the affinity of Pol α-primase 

compared to dCTP (Figure 6.4.1, lanes 7 – 9).  Further investigation revealed that the 

incorporation of CDV-PP in competition with dCTP did not cause a significant inhibition 

of dCTP incorporation even at dCTP concentration as low as 1 µM although the presence 

of 500 µM of CDV-PP in 1 µM dCTP casued observable inhibition of DNA synthesis by 

the enzyme (lanes 10 – 15). Also, in a related investigation for which data is not shown, 

DNA primer/template substrate that was first used as a substrate for DNA synthesis by Pol 

α-primase in the absence of dCTP but with CDV-PP at concentrations that ranged from 1 – 

500 µM could serve as substrate for another round of Pol α-primase catalyzed DNA 

synthesis when dCTP was added. Indicating that the poor incorporation of CDV-PP to the 

syntheiszed strand by Pol α-primase did not inhibt the use of such strand as substrate in 

further rounds of DNA synthesis by Pol α-primase. 

 

 

Figure 6.4.1 Effects of Nucleotide Analogs on Pol α-Primase-Catalyzed DNA Synthesis. The 

DNA synthesis assay was performed as previously described (Naheuer and Grosse, 1987, 1988) 

using synthetic radioactively labelled 18:33-mer primer-template substrate to monitor the 

incorporation of the analog by Pol α-primase. The reaction was performed for 30 min at 37°C. The 

samples were then separated on 20% polyacrylamide 7 M urea denaturing gel as per (Sambrook and 

Russell, 2001). Lane 1 contained labelled oligonucleotides with sizes of 18, 22 and 33 nucleotides 

as molecular weight marker (MW). Lane 2 contained all components of the assay including the 

labelled primer but except Pol α-primase. Lane 3 contained all components of the assay except dCTP 

(a partial extension of the 18-nucleotide primer to position YY is expected). Lanes 4–6 contained 1, 

10 and 100 µM dCTP. Lanes 7–9 contained 500, 100 and 50 µM of CDV-PP in the absence of dCTP.  

Lanes 10–12 contained 500, 100 and 50 µM of CDV-PP in the presence of 1 µM of dCTP.  Lanes 

13–15 contained 500, 100 and 50 µM of CDV-PP in the presence of 100 µM of dCTP. Lanes 16–

19 contained 1, 10, 50 and 100 µM of HDP-CDV without dCTP as indicated. The abbreviations are 

Comp. Syn. Pro. (Complete Synthesis Products) and Part. Syn. Pro. (Partial Synthesis Products). 

Primer indicates the radiolabelled 18-mer primer. The synthetic DNA substrate used for the 

experiment is as shown below. 

 

 

3’CATTGAAAAGGGTCGGATTTAGGATACTCACTG 5’ 

5’GTAACTTTTCCCAGCCTA 3’ 
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To further study the activity of HDP-CDV, the HDP-CDV enantiomer CMX029, which 

cannot be modified by kinase (was studied). CMX029 inhibited the DNA synthesis activity 

of Pol α-primase in a concentration-dependent manner and, as expected, did not get 

incorporated to the synthesized strand by Pol α-primase (Figure 6.4.2). Analysis of DNA 

synthesis products of the Pol α-primase catalyzed DNA synthesis event following the 

addition of CMX029 revealed partially synthesized products when 100 – 10 μM the 

nucleotide analog was added (Figure 6.4.2, see lanes 4 – 6). 

 

 

Figure 6.4.2. Effects of CMX029 on Pol α-Primase-Catalyzed DNA Synthesis. The DNA 

synthesis assay was performed as previously described (Naheuer and Grosse, 1987, 1988) using 

synthetic radioactively labelled 18:33-mer primer-template substrate to monitor the incorporation of 

the compound by Pol α-primase. The reaction was performed for 30 min at 37°C. The samples were 

then separated on 20% polyacrylamide 7 M urea denaturing gel as per (Sambrook and Russell, 

2001). Lane 1 contained molecular weight marker (MW) as labelled. Lane 2 contained all 

components of the assay except dCTP. Lane 3 contained the dCTP and Pol α-primase added control. 

Lanes 4–6 contained 100 to 10 µM of CMX029 in the absence of dCTP. The abbreviations are 

Comp. Syn. Pro. (Complete Synthesis Products) and Part. Syn. Pro. (Partial Synthesis Products). 

Primer indicates the radiolabelled 18-mer primer. The synthetic DNA substrate used for the 

experiment is as shown below. 

 

 

As expected, the data also revealed that the HDP-CDV isomer (CMX029) was not 

incorporated by Pol α-primase. The data further support the hypothesis that the mechanism 

of inhibition of Pol α-primase catalyzed dNMP incorporation by the fatty-ester derived 

analogs is by binding to the dCTP binding pocket and to other binding sites in the enzyme 

and these bindings are strongly inhibitory to the DNA synthesis activity of the enzyme, 

3’CATTGAAAAGGGTCGGATTTAGGATACTCACTG 5’ 

5’GTAACTTTTCCCAGCCTA 3’ 
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probably by allosteric modification of the enzyme. The data also revealed that the fatty-ester 

modified nucleotide analogs are efficacious even without undergoing further modifications 

or conversions. 

 

6.5  Kinetics and Mechanism of Inhbition of Human DNA Polymerase α – primase by 

CMX029  

 

The inhibitory effects of the HDP-CDV enantiomer CMX029 on Pol α-primase were further 

investigated in parallel with HDP-CDV (CMX001) in Pol α-primase-catalyzed DNA 

synthesis assay using activated DNA and synthetic 18:63 mer primer/template DNA 

substrates (Figures 6.5.1 and 6.5.2, respectively).  The data obtained revealed that the 

analogs inhibited DNA synthesis activity of the enzyme in concentration-dependent 

manners (Figures 6.5.1 and 6.5.2).  

 

Figure 6.5.1. Effects of HDP-CDV (CMX001) and Its Enantiomer CMX029 on the DNA 

Synthesis Activity of Pol α-Primase. The DNA synthesis assay was performed as previously 

described (Naheuer and Grosse, 1987, 1988) using activated DNA substrate and the indicated 

concentrations of HDP-CDV (CMX001) and CMX029. The reaction was performed for 10 mins at 

37°C. Reaction was stopped and samples were prepared and counted as previously described using 

the scintillation counter.   
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Figure 6.5.2 Effects of HDP-CDV (CMX001) and Its Enantiomer (CMX029) on the DNA 

Synthesis of Pol α-primase. The data obtained for DNA synthesis assay by Pol α-primase using 

unlabelled 18:63 primer–template synthetic DNA substrate and the indicated concentrations of 

CMX001 and CMX029 in the presence of 100 µM each of the four deoxynucleotides and 30 nM of 

[α-32P]-dCTP. The reaction was done for 30 min at 37°C. The samples were separated on 15% 

polyacrylamide 7 M urea denaturing gel as per (Sambrook and Russell, 2001). The gel was then 

exposed and imaged using Fujifilm phosphor-imager. Lane 1 contained all components of the assay 

without any analog (Pol α-primase positive control). Lanes 2 – 4 contained all components of the 

assay without Pol α-primase in addition to containing PBS, 100 µM of HDP-CDV (CMX001) and 

100 µM of CMX029, respectively. Lanes 6 – 7 contained the indicated concentrations of HDP-CDV 

and lanes 8 – 13 contained the indicated concentrations of CMX029. The abbreviations are Comp. 

Syn. Pro. (Complete Synthesis Products) and Part. Syn. Pro. (Partial Synthesis Products). Primer 

indicates the radiolabelled 18-mer primer. The synthetised DNA substrate used are as shown. 

 

 

 

The data revealed that CMX029 inhibited the enzyme catalyzed DNA synthesis as well 

as HDP-CDV (CMX001) (Figures 6.5.1 and 6.5.2). Since CMX029 cannot be 

phosphorylated it is assumed that it cannot be incorporated into a newly synthesised DNA 

strand but has binding capabilities. The obtained results also favour an allosteric mechanism 

of inhibition of DNA polymerases by fatty-ester modified nucleotide analogs.  

Furthermore, the effect of the analog on the kinetics of Pol α-primase was evaluated 

using DNA synthesis on activated DNA as substrate and at different concentrations of dCTP 

as shown in Figure 6.5.3 and summarised in Table 6.10. The apparent Km for dCTP 

increased with increasing CMX029 concentrations whereas Vmax decreased with increasing 

nucleotide analog concentrations. The apparent Km was raised from 2.0 ± 0.17 μM for the 

solvent-treated control to 10.22 ± 1.07 and 84.52 ± 1.34 μM following the addition of 50 

3’CATTGAAAAGGGTCGGATTTAGAGTAGAGAGAAAAACGCAAGACGAAGTTATAGACCAACTTG 5’ 
5’GTAACTTTTCCCAGCCTA 3’ 

  



Chapter Seven 

 

117 
 

and 100 μM of CMX029. In contrast, the addition of 50 and 100 μM of the analog caused a 

decrease in Vmax from 159.0 ± 2.46 pmol/h of the PBS-treated control to 55.22 ± 1.38 and 

± 44.58 pmol/h for the nucleotide analog-treated samples. These results support that the 

HDP-CDV enantiomer CMX029 inhibits Pol α-primase with a mixed competitive and 

noncompetitive inhibition mechanism with respect to dCTP as was also observed for HDP-

CDV (CMX001). 

 

 

Figure 6.5.3. Kinetics of Inhibition of Pol α-Primase by the HDP-CDV Enantiomer CMX029. 

The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 1987, 

1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with respect to dCTP. 

The data have been fitted with Michaelis-Menten equation with nonlinear regression on Prism 

GraphPad. The graphs show dNMP incorporation rate in the presence of PBS (the solvent to dissolve 

the analogs), 50 and 100 μM of CMX029 (green, red, and black graphs, respectively). The further 

analyses of the experiments are presented in Table 6.10. 
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Michaelis-Menten Kinetic: Pol α-primase with CMX029 and dCTP Variation 

Analog Concentration  PBS 50 µM 100 µM 

Best-fit values for 

vmax 155.9 55.22 44.58 

Km 1.986 10.22 84.52 

Std. Error 

Vmax 2.459 1.375 0.3919 

Km 0.1665 1.068 1.34 

 

                 Table 6.10. Kinetics of Inhibition of Pol α-primase by CMX029 with respect to 

dCTP. The DNA synthesis assay was carried out as previously described (Nasheuer and Grosse, 

1987, 1988). The figure shows the rate of incorporation of dNMP by Pol α-primase with respect to 

increasing amounts of dCTP. The data has been fitted into Michaelis-Menten equation with 

nonlinear regression on Prism GraphPad and the kinetics obtained from the Michaelis-Menten fitting 

presented here. The rows and columns show the Vmax and Km, with their standard errors, of dNMP 

incorporation by Pol α-primase in the presences of PBS, 50 and 100 μM of CMX029. The data were 

from 2 independent experiments. The data were further fitted with Mixed-Model Inhibition equation 

with nonlinear regression on Prism GraphPad to further calculate the kinetic parameters. The tables 

of data obtained therefrom, in addition to a more detailed analysis of the Michaelis-Menten fitted 

data, are shown in appendices 20 and 19. 

 

 

 

 

Table 6.10. Kinetics of Inhibition of Pol α-primase by Nucleotide Analogs and Aphidicolin with 

respect to dCTP, dATP, dGTP and dTTP. The table was drawn based on the parameter obtained 

from the DNA synthesis data with Michaelis-Menten and Mixed Model Inhibition equations on 

Prism GraphPad. The parameter Ki is the inhibiton constant. See appendices for detailed tables 

showing the parameters. 

 

 

 

 

 

Sumary of the Effects of Nucleotide Analogs on the DNA Synthesis by Pol α-primase 

Compound dCTP dATP dGTP dTTP 

HDP-CDV Mechanism Mixed competitive  Noncompetitive Noncompetitive Noncompetitive 

 Ki (µM) 7.29 ± 2.53 22.73 ± 9.86 32.08 ±  43.88 ± 19.27 

HDEacCDV Mechanism competitive Noncompetitive Noncompetitive Noncompetitive 

 Ki (µM) 59.36 ± 8.83  116.8 ± 43.82  76.43 ± 23.27  33.25 ± 7.07 

CMX029 Mechanism Mixed competitive 

 Ki (µM)  2.5 ± 0.53 

Aphidicolin Mechanism Competitive 

 Ki (µM) 4.8 ± 1.42 
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6.6  Effects of Analogs on Synthesis of DNA by Human DNA Polymerase δ 

To determine other cellular replication proteins targeted by selected analogs, Pol δ was 

considered as candidate being an indispensable component of replication of polyomavirus 

genome in vivo. The effects of the nucleotide analogs, CDV-PP, HDP-CDV, and 

HDEacCDV, and the lipid component of HDP-CDV(HDP-OH) on Pol δ catalyzed DNA 

synthesis were investigated using DNA synthesis assay with unlabelled 18:63 primer–

template as a synthetic DNA substrate (Figure 6.6). The data revealed that CDV-PP did not 

significantly inhibit the DNA synthesis activity of Pol δ (Figure 6.6) and HDP-OH (the lipid 

component linked to CDV) failed to inhibit DNA synthesis activity of Pol δ. In contrast, the 

HDP-CDV and HDEacCDV inhibited Pol δ catalyzed DNA synthesis in a concentration-

dependent manner in respect to the nucleotide analogs.  

 

Figure 6.6 Effects of Nucleotide Analogs on DNA Synthesis Activity of Pol δ. The DNA synthesis 

assay was carried out as previously described (Nasheuer and Grosse, 1987, 1988). The data obtained 

for DNA synthesis assay by Pol δ using unlabelled synthetic 18:63 primer-template DNA substrate 

and the indicated concentrations of the analogs CDV-PP, HDP-CDV, HDEacCDV and HDP-OH in 

the presence of 100 µM each of the four deoxynucleotides and 30 nM [α-32P]-dCTP. The reaction 

was terminated by spotting the reaction mixture on microfiber glass discs and submerging the filters 

in ice-cold 10% TCA containing 0.25 % sodium pyrophosphate. The filters were subsequently 

washed, dried and counted using the scintillation counter (Perkin Elmer) and relative incorporation 

calculated by setting the PBS-treated sample arbitrarly as 100%. The data represents average of two 

independent experiments. Below the DNA substrate used is presented. 

 

 

3’CATTGAAAAGGGTCGGATTTAGAGTAGAGAGAAAAACGCAAGACGAAGTTATAGACCAACTTG 5’ 
5’GTAACTTTTCCCAGCCTA 3’ 
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Initial reports suggested that Cidofovir inhibition of polyomaviral genome replication 

is caused by inhibiting functions of the polyomavirus large tumor antigen (TAg) in addition 

to human DNA polymerases (Andrei et al, 2014; Bernhoff et al, 2008). The large tumor 

antigens of polyomaviruses have been well studied and are known to possess helicase (DNA 

unwinding), ATPase and UTPase (hydrolysis of ATP and UTP) activities (reviewed in An 

et al, 2012). It was hypothesized that these TAg catalytic activities could be the inhibitory 

targets of nucleotide analogs. These hypotheses were subsequently investigated. 

 

7.1 Optimization of Helicase Assay Conditions 

Optimization of helicase assay conditions as previously reported (Scheffner et al, 1989) 

was performed for JCV TAg prior to investigation the effects of the analogs on helicase 

activities of the TAgs (Figure 7.1). 

 

Figure 7.1 DNA Unwinding Activity of JCV TAg. The helicase assay of JCV TAg was performed 

as previously described (Scheffner et al, 1989). The experiment was performed in 20 µL that 

contained the assay buffer, radioactively labelled DNA substrate (80 fmol) and 600 ng of TAg. The 

samples were incubated at 37 °C for 1h with samples taking at 10 min interval, prepared and 

separated on non-denaturing polyacrylamide gel. The gel was exposed to detection screen in -20C 

and subsequently developed in phosphoimager (Fujifilm). The quantification was done with 

quantification analysis software MultiGauge. Then amount of unwound DNA (fmol) against time 

was fitted with nonlinear regression on Prism GraphPad. 
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The maximum of unwound DNA was reached and about 18 fmol of hybridised primer 

were unwound whereas at 20 minutes of the experiment 8.7 fmol of DNA, representing 

about 50% of the maximum, was unwound. At 30 minutes, 10.5 fmol of the total DNA, that 

represents 55% of maximum unwound DNA, was achieved and at 60 minutes 12.7 fmol of 

the duplex DNA, that represents 71% of maximum displaced DNA, was unwound (Figure 

7.1). From the data, it was obvious that more than 50% of unwinding activity has been 

achieved within 30 minutes of the reaction. Hence, subsequent helicase reactions were 

performed for 30 minutes unless otherwise stated. 

 

 

7.1.1 Nucleotide Analogs and the Helicase Activity of JCV TAg 

Having optimized the reaction conditions with JCV TAg, and bearing in mind the non-

inhibitory effects observed for CDV and the non-fatty-ester derivatives in the previous 

experiments, the investigation of the effects of analogs on JCV TAg helicase activity was 

focused on CDV, CDV-P, CDV-PP, HDP-CDV, aCDV, acCDV, HDEacCDV and HDE-

OH (Figure 7.1.1). The data revealed that CDV, CDV-P, CDV-PP, aCDV, acCDV and 

HDE-OH did not significantly inhibit the helicase activity of JCV TAg (Figure 7.1.2). These 

analogs exerted similar effects on BKV and SV40 TAgs helicase activities (data not shown). 

The data also revealed that HDP-CDV (CMX001) and HDEacCDV inhibited the helicase 

activity of JCV TAg in a concentration-dependent manner (Figure 7.1.2). Hence, effects of 

these two fatty-ester modified nucleotide analogs were further evaluated in details as 

discussed in the subsequent sections. 
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Figure 7.1.1. Effects of Nucleotide Analogs on the Helicase Activity of JCV TAg. The helicase 

activity of JCV TAg was measured as previously described in the presence or absence of the 

indicated analogs: CDV (cidofivir) CDV-P, (CDV monophosphate), CDV-PP (CDV diphosphate), 

aCDV (5-aza CDV), acCDV (5-aza cyclic CDV), HDP-CDV (hexadecyloxypropyl-CDV), 

HDEacCDV (hexdecyloxyethyl-5-aza cyclic CDV) and HDE-OH (hexdecyloxyethanol). The 

reaction products were separated on non-denaturing polyacrylamide gels, which were subsequently 

detected using a phosphorimaginer. The band were quantified with image quant analysis software 

and the relative DNA unwinding was calculated by determing the percent ratio of unwound DNA in 

analog-treated samples to the solvent-treated sample.  

 

7.2 Effects of Fatty-Ester-Derived Cidofovir (HDP-CDV) on Primate Polyomavirus 

TAgs Helicase Activities 

 From the data obtained for JCV TAg helicase activity, it is obvious that the inhibitory 

effects of HDP-CDV were more pronounced and the analog was further studied in JCV, 

BKV and SV40 TAgs helicase assays (Figures 7.2.1 – 7.2.4). The data revealed that HDP-

CDV inhibited significantly the helicase activities of the TAgs investigated. The inhibition 

increased with increase in the analog concentration (Figures 7.2.1 – 7.2.4).  
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Figure 7.2.1 The Effects of HDP-CDV on Helicase Activity of SV40 TAg. The assay was 

performed as previously described (Scheffner et al, 1989). Samples were separated on non-

denaturing polyacrylamide gels which were subsequently exposed to phosphoimager screens. The 

screens were developed in Fujifilm phosphor-imager as shown after over-night exposure. Lane 1 

labelled H contained heat-denatured DNA and lane 2 contained the hybridised primer sample 

without TAg. Lane 3 contained PBS and lanes 4 - 10 contained the indicated HDP-CDV 

concentrations. The presented gel is a selected representative example of multiple reproducible 

experiments. 

 

 

Figure 7.2.2 The Effects of HDP-CDV on Helicase Activity of JCV TAg. The assay was 

performed as previously described (Scheffner et al, 1989). Samples were prepared as described in 

Figure 7.2.1. Lane 1 labelled H contained heat denatured DNA and lane 2 contained the hybridised 

primer sample without TAg. Lane 3 contained PBS and lanes 4 - 10 contained the indicated HDP-

CDV concentrations. The presented gel is a selected representative example of multiple reproducible 

experiments. 
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Figure 7.2.3 The Effects of HDP-CDV on Helicase Activity of BKV TAg. The assay was 

performed as previously described (Scheffner et al, 1989). Samples were prepared as described in 

Figure 7.2.1. Lane 1 labelled H contained heat denatured DNA and lane 2 contained the hybridised 

primer sample without TAg. Lane 3 contained PBS and lanes 4 - 10 contained the indicated HDP-

CDV concentrations. The presented gel is a selected representative example of multiple reproducible 

experiments. 

 

 

Figure 7.2.4 Helicase Activities of SV40, JCV, and BKV TAgs in the Presence of the Indicated 

Concentrations of the Analog HDP-CDV. The assays were performed as previously described. 

The relative unwinding was obtained by calculating the percentage ratio of the analog-treated 

samples to the PBS-treated samples. The latter were arbitrarly set to 100%. The figure represents 

the average of 3 independent helicase experiments. 

 

As shown in Figure 7.2.1 the unwinding activity of SV40 TAg diminished by 

increasing HDP-CDV concentration with 250 μM of the analog totally abrogating 

unwinding activity. Similar effects were observed when JCV TAg and BKV TAg were 
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studied (Figures 7.2.2 and 7.2.3). All three enzymes exhibited sensitivities to HDP-CDV in 

their helicase activities, showing concentration dependency. The results show that the fatty-

ester modified analog is inhibitory to the primate polyomavirus TAgs studied without 

species specificity but with slight differences in sensitivities of the species. These findings 

suggest a ranking in the sensitivity of the TAgs’ helicase activity with BKV TAg being the 

most sensitive to HDP-CDV, JCV TAg showing an intermediate sensitivity and SV40 TAg 

having the least sensitivity. 

 

7.3 ATPase Activities of Primate Polyomaviruses TAgs and Analogs 

To better understand the mechanism of inhibition of the TAgs by these nucleotide 

analogs, the effects of the analogs on ATP hydrolyzing capabilities of the different TAgs 

were investigated using either ɣ32P ATP- or non-radioactive ATP-based assays. 

Quantification of liberated inorganic phosphate, Pi was performed using Malachite green 

reagent (BioAssay Systems) when a non-radioactive assay was used. Prior to investigating 

the effects of the analogs, the ATPase assay conditions were optimized as previously 

described (Scheffner et al, 1989) with some modifications. The kinetics, Km of ATP 

hydrolysis by SV40 TAg was determined with a view to designing the appropriate 

concentrations to work with in subsequent ATPase experiments for SV40, BKV and JCV 

TAgs. The data were fitted with nonlinear regression with Michaelis-Menten on Prism 

GraphPad as shown in Fgure 7.3.1. The Km for hydrolysis of ATP by 0.35 units of SV40 

TAg was 0.38 ± 0.12 mM and the Vmax was 277.67 ± 28.3 μmol/h for same units of SV40 

TAg (Figures 7.3.1). 
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Figure 7.3.1 Linear Plot of Kinetics of SV40 ATPase Activity. The ATPase activity of SV40 TAg 

was done following the protocol described in the Materials and Methods. Both non-radioactive and 

ɣ32P ATP were used to determine the Km which was used in designing the working concentrations 

in subsequent reactions. The rate of liberation of Pi was subsequently fitted with Michaelis-Menten 

equation on Prism GraphPad to calculate calculate the kinetic parameters. 

 

 

 

7.4  Effects of Nucleotide Analogs on The ATPase Activities of Primate 

Polyomaviruses 

 

The effects of the nucleotide analogs on the ATPase activities of the primate 

polyomaviruses’ TAgs were further investigated. The obtained data showed that the 

hydrolysis of ATP by SV40 TAg was not affected significantly in the presence of 

cidofovir at the concentrations tested as the liberated Pi is not significantly different 

from the solvent (PBS) treated control. In the same manner, CDV-P and CDV-PP did 

not inhibit significantly the ATPase activity of SV40 TAg at the concentrations tested 

for the analogs (see Figure 7.4.1). The data also revealed that the fatty ester-derived 

analogs exerted concentration-dependent inhibitory effects on the hydrolysis of ATP 

by SV40 TAg. HDP-CDV at concentrations below 10 μM did not exert significant 

effects on SV40 TAg ATPase activity and the measured enzyme activities were not 

distinguishable from the PBS-treated control. However, as the concentration increased 

0 .0 0 .5 1 .0 1 .5 2 .0

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

[A T P ]  (m M )

P
i 

L
ib

e
r

a
ti

o
n

 r
a

te
 (

µ
m

l/
h

)



Chapter Seven 

 

128 
 

to a concentration of 10 to 500 μM of HDP-CDV, the inhibitory effects increased in 

the same manner attaining 50% of inhibition at 55 μM of the analog (Figure 7.4.1). 

 

 

 

 

 

 

 

 

 

HDEacCDV also inhibited the ATPse activity of SV40 TAg in a concentration-

dependent manner with IC50 of about 400 μM. Furthermore, when tested, the alcohol 

moiety not conjugated to the analog failed to exert any appreciable inhibitory effects at the 

concentrations tested indicating that the gain of inhibition activity by the fatty-ester 

conjugated analogs is not solely dependent on the alcohol moiety or the analog part but on 

the concerted action of the two components. As an inhibition control, the compound Mal2-

11B that has been reported as an inhibitor of ATPase activity of SV40 TAg was also 

investigated in parallel and the data revealed a concentration-depedent inhibitory activity 

for the compound, supporting previous data (Wright et al, 2009; Seguin et al, 2012). 

In similar manner, the JCV TAg ATPase activity was sensitive to HDP-CDV and 

HDEacCDV and inhibited in concentration-dependent manners but did not exhibit any 

species predisposition to the sensitivity as the effects observed for HDP-CDV and 

Figure 7.4.1. The Effects of Analogs on ATPase Activity of SV40 TAg. The analogs investigated 

were CDV, CDV-P, CDV-PP, HDP-CDV (hexadecyloxypropyl-CDV), HDEacCDV 

(hexdecyloxyethyl-5-aza cyclic CDV) and HDP-OH (hexdecyloxypropanol). For comparison, the 

known ATPase inhibitor Mal2-11B (Wright et al, 2009; Seguin et al, 2012) was used in the indicated 

concentrations. The experiments were performed as previously described and quantification of the 

imaged bands was done with Multigauge quantification software. Relative liberated Pi was obtained 

by finding the percentage ratio of the analog-treated samples to the PBS treated sample. 
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HDEacCDV on JCV TAg was similar to that exerted on the SV40 TAg ATPase activity 

(compare Figures 7.4. 1 and 7.4.2.1).  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.2.0 The Effects of Analogs on ATPase Activity of JCV TAg. The figure is a depiction 

of a typical image obtained from the investigation of the effects of nucleotide analogs (in this case 

HDP-CDV and CDV-PP) on the ATPase activities of TAgs (in this case JCV TAg) using the 

radioactive ATP (6.6 nM [γ-32P]-ATP) and 500 µM non-radioactive ATP. The lanes numbered 

1 – 6 contained all components of the assay in addition to 1 – 500 µM of HDP-CDV in the reverse 

order. Lanes 7 and 8 contained all components of the assay in addition to PBS and water 

respectively. Lane 9 contained all components of the assay but for the TAg (TAg negative control). 

Lanes 10 – 15 contained all components of the assay in addition to 1 – 500 µM of CDV-PP in the 

reverse order. Lane 15 contained all components of the assay in addition to PBS. The Pi and ATP 

represent the liberated inorganic phosphate and ATP respectively. 

Figure 7.4.2.1 The Effects of Analogs on ATPase Activity of JCV TAg. The analogs investigated 

were CDV, CDV-P, CDV-PP, HDP-CDV (hexadecyloxypropyl-CDV), HDEacCDV 

(hexdecyloxyethyl-5-aza cyclic CDV) and HDP-OH (hexdecyloxypropanol). The experiments were 

performed as previously described and quantification of the imaged bands was done with Multigauge 

quantification software. Relative liberated Pi was obtained by finding the percentage ratio of the 

analog-treated samples to the PBS treated sample 
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Treating JCV TAg with concentrations of the analogs HDP-CDV and HDEacCDV 

lower than 10 μM, the effects of the analogs on the ATPase activity of JCV were not 

different from the untreated control but as the concentrations increased above 10 μM to 500 

μM, the inhibitory effects of the analogs on the ATPase activity increased proportionately 

and the IC50 of 250 μM and 400 μM was observed for HDP-CDV and HDEacCDV, 

respectively (Figures 7.4.2). CDV did not inhibit the ATPase activity of JCV at the 

investigated concentrations. As described before for SV40 TAg, CDV-P and CDV-PP did 

not significantly inhibit the ATPase activity of JCV Tag at any concentration tested. 

 

 Figure 7.4.3. The Effects of Analogs on ATPase Activity of BKV TAg. The analogs investigated 

were CDV-PP (CDV diphosphate), HDP-CDV (hexadecyloxypropyl-CDV), HDEacCDV 

(hexdecyloxyethyl-5-aza cyclic CDV) and HDP-OH (hexdecyloxypropanol). The experiments were 

set up as previously described and quantification of the imaged bands was done with Multigauge 

quantification software. Relative liberated Pi was obtained by finding the percentage ratio of the 

analog-treated samples to the PBS treated sample. 

 

Investigation of the effects of these analogs on BKV polyomavirus TAg ATPase 

activity revealed that the analogs do not exhibit species specificity in their effects as the 

non-fatty-ester derivatives of CDV and the parent analog, CDV did not inhibit significantly 

the hydrolysis of ATP by BK TAg (data not shown). These data agree with the results 

obtained from the investigations of the effects of these analogs on the ATPase activities of 

JCV and SV40 TAgs (compare Figures 7.4.1, 7.4.2 and 7.4.3). Also, HDP-CDV and 

HDEacCDV exerted inhibitory effects on the hydrolysis of ATP by BKV TAg in 

concentration-dependent manners as evidenced by the decrease in the relative liberation of 
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inorganic phosphate with increase in concentrations of the anlogs (Figure 7.4.3). These data 

buttress the assertions that the effects of the analogs are not species-specific as the effects 

on the three different polyomavirus species studied followed a similar pattern, although the 

inhibitory effects of HDP-CDV and HDEacCDV on the liberation of Pi from ATP 

hydrolysis by SV40 and JCV TAgs were more drastic than the effects observed for BKV 

TAg ATPase activity. 

 

7.5     Effects of Nucleotide Analogs on Additional Host Replication Proteins 

It has been established that the large tumor antigen, TAg, is the only virally encoded 

protein that participates in the replication of the polyomavirus DNA in vitro whereas the 

other replication factors are the host proteins (Nasheuer et al, 2007; An et al, 2012). The 

small antigen is also needed to play indirect roles in inactivating PP2A phosphatases but 

does not directly get involved in the replication of the viral genome in vivo (Nasheuer et al, 

2007; An et al, 2012). I hypothesized that the the inhibitory effects observed for some of 

the nucleotide analogs in the replication of the polyomavirus DNA could be a result of 

inhibition of other host protein factors in addition to DNA polymerases α and δ. To 

investigate this, the effects of the nucleotide analogs on the activity of human topoisomerase 

I was studied. Topo I was chosen because it is one of the protein factors contributed by 

human host in the replication of the human polyomaviruses.  

 

 

 

 

 

Figure 7.5.1 The Effects of Analogs on DNA Relaxation Activity of Topoisomerase I. The DNA 

relaxation assay was performed according to (Stewart, et al, 1997; Soe et al, 2001). The reaction 

products were separated on 0.8% agarose gel and visualized by UV-light (Biorad Imager). The bands 

intensities were quantified and relative relaxation was obtained by finding the percentage ratio of the 

analog-treated samples to the PBS treated sample as presented in Figure 7.5.3. The analogs 

investigated were cidofovir (CDV), CDV-P (CDV monophosphate) and CDV-PP (CDV 

diphosphate). The presented gel is a representative result selected from xx experiments. Assay was 

reproducibly repeated three times and one of the images from these experiments is presented here. 
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Figure 7.5.3 The Effects of Analogs on DNA Relaxation Activity of Topoisomerase I. The DNA 

relaxation assay was performed according to (Stewart, et al, 1997; Soe et al, 2001). The reaction 

products were separated on 0.8% agarose gel and visualized by UV light (Biorad Imager) and 

quantified. Relative relaxations were calculated by arbitrarily setting the PBS-treated samples as 

100. The analogs investigated were cidofovir (CDV), CDV-P (CDV monophosphate) and CDV-PP 

(CDV diphosphate), HDP-CDV (hexadecyloxypropyl-CDV), HDEacCDV (hexdecyloxyethyl-5-

aza cyclic CDV) and HDP-OH (hexdecyloxypropanol). Data was from 3 independent assays  

 

 

 

 

 

Figure 7.5.2 The Effects of Analogs on DNA Relaxation Activity of Topoisomerase I. The DNA 

relaxation assay was performed according to (Stewart, et al, 1997; Soe et al, 2001). The reaction products 

were separated on 0.8% agarose gel and visualized by UV-light (Biorad Imager). The bands intensites 

were quantified and relative relaxation was obtained by finding the percentage ratio of the analog-treated 

samples to the PBS treated sample as presented in Figure 7.5.3. The analogs investigated were HDP-

CDV (hexadecyloxypropyl-CDV), HDEacCDV (hexdecyloxyethyl-5-aza cyclic CDV) and HDP-OH 

(hexdecyloxypropanol). The presented gel is a representative result selected from yy experiments. 
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Topo I plays a role in the relaxation of supercoiled DNA (Gai et al, 2000; Khdope et al, 

2008). On investigating the effects of the analogs on relaxation of supercoiled DNA by 

topoisomerase I, the data obtained revealed that some of analogs especially HDP-CDV and 

HDE-acCDV plus the lipid compound HDP-OH rather than inhibiting the relaxation of 

DNA stimulated the isomerizing activity of the enzyme (Figures 7.5.1 and 7.5.2, 

summarised in 7.5.3). The data revealed that the concetrations tested for CDV, CDV-P, 

CDV-PP, HDP-CVD, HDP-OH and HDEacCDV did not inhibit the activity of topo I, 

revealing that these nucleotide analogs are selectively inhibitory.  
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Fatty-Ester-Linked Nucleotide Analogs Inhibit In Vitro Replication of Polyomavirus 

DNA 

CDV, a deoxycytidine nucleoside phosphonate, has been reported to exert broad-

spectrum of anti-viral effects (De Clereg et al, 1987; Snoeck et al, 1988). The analog has 

also been shown to inhibit variola and monkey pox viruses in cell culture (Baker et al, 2003) 

and to have conferred prophylactic protection to mice from a lethal dose of ectromelia, 

vaccinia, or cowpox viruses (Bray et al, 2000; Buller et al, 2004). The analog has been 

approved for the treatment of CMV infections in HIV patients (Lalezari et al, 1998; De 

Clereg et al, 2007; De Clercq 2005). The function of CDV as an antiviral agent requires its 

uptake by the cells and subsequent conversion by cellular kinases to the active metabolite, 

CDV-PP, which is thought to compete with dCTP for incorporation by virus-encoded DNA 

polymerases (Cihlar et al, 1996; Xiong et al, 1997; Magee et al, 2005; Magee et al, 2008). 

The inhibition mechanisms for the analog has been studied in CMV and vaccina virus and 

the mechanism differs slightly in the two viruses (Xiong et al, 1997; Magee et al., 2005; 

Magee et al., 2008). The active metabolite of the analog, CDV-PP, competes with dCTP for 

incorporation by CMV-encoded DNA polymerase (Xiong et al, 1997) whereas in vaccina, 

the affinity of the viral DNA polymerase for CDV-PP is low but a CDV extended primer 

inhibits further DNA synthesis after CDV plus an additional dNMP incorporation takes 

place, and a CDV-containing template could not support DNA synthesis past the CDV 

(Magee et al, 2005, 2008). Studies of the effects of CDV on polyomaviruses in cell culture 

showed inhibition of polyomavirus replication but the mechanism of this inhibition is not 

well understood and the cellular and viral targets in the inhibition of polyomavirus 

replication are not known (Lim et al, 2003; Kuypers et al, 2005; Bernhoff et al, 2008; 

Farasati et al, 2005; Ramos et al, 2009; Topalis et al, 2011; Kadambi et al, 2003; Lipshutz 

et al, 2005). Hence, the putative targets of the drug are the cellular DNA polymerases 

responsible for the replication of the viral genome, TAg and tAg, the only virally encoded 

proteins involved in the replication of the viral genome are in the focus of biochemical and 

molecular biological investigations.  

To determine the mechanism of inhibition of polyomavirus DNA replication the effects 

of CDV and its derivatives were investigated in a variety of biochemical assays including 

the in vitro polyomavirus DNA replication either using cellular crude extracts and the 

respective polyomavirus TAg or using selected purified cellular proteins and viral TAg in 

the present work. From these investigations, it was determined that CDV and its non-fatty-

ester derivatives did not exert significant inhibitory effects on the in vitro polyomavirus 
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DNA replication. This lack of inhibitory effects of CDV is in line with the view that CDV 

is a prodrug that is metabolized in the organism or cells to CDV-PP, which is the active 

drug form that inhibits the replication of viral DNA by competing with dCTP (Xiong et al., 

1997; Magee et al., 2005). However, contrary to expectations, the supposedly active 

metabolite CDV-PP also did not significantly inhibit polyomavirus cell-free DNA 

replication, irrespective of the virus species (BKV, JCV nor SV40 DNA replication were 

similarily afftected). Similarly, CDV-P, a dCDP analog and the intermediate product of 

metabolism of CDV, did not significantly inhibit polyomavirus DNA replication in vitro. 

The observation that CDV-P and especially CDV-PP are not inhibitory to the in vitro 

polyomavirus DNA replication is not yet fully understood but it is hypothesized that the 

cellular DNA polymerases carrying out the replication of the polyomaviral DNA show a 

high degree of fidelity and prefer the natural dCTP nucleotide to its analog CDV-PP.   

To overcome the limitations of CDV to function as an antiviral drug including low 

intracellular availability and the requirement of intravenous therapy for application of CDV 

in treatments, a variety of chemical modifications have been made to CDV. These 

modifications include cyclization that yields cyclic CDV (cCDV) derivatives, substitution 

of the carbon at position 5 of the pyrimidine ring with an aza group to form CDV-5-aza 

(aCDV), cyclization of aCDV to form acCDV, and conjugation of CDV and acCDV with 

alcohols to form fatty-ester derivatives such as HDP-(hexadecyloxypropyl)-CDV and HDE-

(hexadecyloxyethyl)-acCDV (Krecmerová et al, 2007; Painter and Hostetler, 2004; Mendel 

et al, 1997; Beadle et al, 2002; Aldern et al, 2003; Hostetler, 2010; Andrei et al, 1997; 

Andrei et al, 2015). These nucleotides were investigated and the data obtained from the 

studies of these CDV derivatives presented here using the in vitro replication of 

polyomavirus DNA show that all the non-fatty-ester derivatives did not inhibit 

polyomavirus DNA replication, which was similar to the results that were obtained with 

CDV, CDV-P and CDV-PP. The lack of inhibition of viral DNA replication by the non-

fatty-ester analogs are not yet understood but it can be due to absence of the cellular enzymes 

to metabolize the analogs under the in vitro experimental set up.  

Contrary to the original expectations, the fatty-ester-linked analogs (HDP-CDV and 

HDEacCDV) and not CDV-PP, CDV or other derivatives of CDV, inhibited the in vitro 

replication of polyomavirus DNA. The fatty-ester-derived CDV products showed an 

efficient inhibition of polyomavirus DNA replication, and exhibited concentration-

dependent effects on all species of polyomavirus studied. Hence, linking the lipid alcohol 

moiety to CDV, which was aimed to overcome CDV’s limitations, shows additional effects. 
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These data suggest that there are more properties of the fatty-ester linked nucleotide analogs 

that have enabled increased efficacy of these analogs than could be explained by only 

cellular uptake. Noting that the conditions of the biochemical experiments present no 

plasmamembrane barrier and the cellular enzymes to metabolize the analog are lacking. 

pointing to the fact that the fatty-ester-linked analogs exhibit additional inhibitory potencies 

because of additional activities, which are yet to be determined. 

 

Fatty-Ester-Linked Nucleotide Analogs Inhibit Human DNA Polymerase -Primase 

and DNA Polymerase  

Further investigations were performed to determine the effects of the nucleotide 

analogs on the two cellular DNA polymerases replicating polyomaviral genome. Generally, 

for the completion of the catalytic cycle of DNA synthesis, four biochemically defined steps 

can be delineated: (1) binding of the polymerase to the template-primer, (2) binding of the 

appropriate deoxyribonucleoside triphosphate to the enzyme-template-primer complex, (3) 

incorporation of the of the deoxyribonucleoside monophosphate at the 3’ end of the primer 

and the release of pyrophosphate from the complex, finally (4) the translocation of the of 

the newly synthesized 3’-end primer-template through the enzyme active site followed by 

the beginning of a new synthesis cycle (Kornberg and Baker, 1992). With this in mind, these 

studies, which revealed that the analogs HDP-CDV and HDEacCDV inhibited DNA 

synthesis by Pol α-primase and Pol δ, in concentration-dependent manners while CDV and 

the other CDV derivatives did not significantly affect the DNA synthesis activity of either 

Pol α-primase or Pol δ raise a question as to how these analogs are able to inhibit DNA 

synthesis. Hence, it was hypothesized that the inhibition of DNA synthesis activities of Pol 

α-primase and Pol δ by the analogs could be (1) that the fatty-esters analogs acquired the 

ability to bind to Pol α-primase or Pol δ at dCTP binding pocket or at a putative novel 

binding pocket and that the binding to the dCTP binding pocket enables the incorporation 

of the analog to the 3’ end of the primer, (2) that binding of the analogs to a putatively novel 

binding site and/or to the dCTP binding site reversibly inactivates the enzyme through 

allosteric inhibition, or finally (3) that it could occur through both mechanisms.  

Testing these hypotheses using competition studies with nucleotides revealed that the 

fatty ester-linked nucleotide analogs (HDP-CDV (CMX001) and (CMX029) inhibit Pol α-

primase DNA synthesis activity with mixed competitive (increase in apparent Km) and 

noncompetitive inhibition mechanism (lowering Vmax) with respect to dCTP. HDEacCDV 
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inhibits competitively Pol α-primase DNA synthesis activity with respect to dCTP.  

Regarding varations in dATP, dTTP, and dGTP, the analogs (HDP-CDV and HDEacCDV) 

inhibit Pol α-primase DNA synthesis activity with a noncompetitive inhibition mechanism. 

These studies reveal that these analogs bind to the dCTP binding pockets and to putatively 

novel binding pockets of Pol α-primase. 

Furthermore, the analyses of direct extension of an annealed primer on a defined 

template sequence showed that these analogs are not susceptible for incorporation to the 3’ 

end of the primer as a monophosphate by Pol α-primase and cannot efficiently substitute for 

dCTP because the analogs inhibited DNA synthesis activities in concentration-depedent 

manners but did not get incorporated. Similarly, the studies of HDP-CDV enantiomer, that 

can only bind to the DNA polymerases but cannot be incorporated to the primer yielded 

results similar to the inhibition obtained for HDP-CDV on the DNA synthesis activity of 

Pol α-primase. Hence, the data strongly favors allosteric inhibition of DNA polymerases as 

the mechanism of inhibition of the enzyme by the fatty-ester analogs. 

 

The Fatty-Ester-Linked Analogs Inhibited ATPase and Helicase Activities of 

Polyomavirus Large Tumor Antigens    

Previously TAg was proposed as a potential target of the nucleotide analog CDV 

(Bernhoff et al, 2008; Topalis et al, 2011). The key roles of the TAg are to recognize 

pentanucleotide (G(A/G)GGC) in the core of the viral origin of replication and to 

oligomerize into double hexamers that act as the helicase to unwind the duplex DNA at the 

origin and beyond using ATP hydrolysis as energy source. Hypothesizing that the analog 

could be inhibitory to the DNA unwinding (DNA helicase) and ATP hydrolysis (ATPase) 

activities of the TAgs, the effects of these analogs on these enzymatic activities of the 

polyomavirus TAgs were studied. The data obtained revealed that the fatty-ester-linked 

CDV derivatives inhibited the helicase and ATPase activities of the TAgs investigated and 

that these inhibitory effects are concentration-dependent. These results also showed that 

CDV and the non-fatty-ester derivatives did not exert significant inhibitory effects on the 

helicase and ATPase activities of the TAgs tested. Further investigation of ATPase activity 

of JCV TAg involving variation of the concentrations of ATP revealed that the effects of 

the fatty-ester analogs on the ATPase activity of the TAg is independent of the ATP 

concentration.  
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Human Topoisomerase I Is Not Inhibited by the Fatty-Ester-Linked Analogs  

It is important to consider that these analogs have pleiotropic targets in their inhibitory 

effects because they are inhibitory to the enzymatic activities of both cellular proteins (Pol 

α-primase and Pol δ) and polyomavirus TAgs. This study has shown that the fatty-ester 

linked nucleotide analogs targets several DNA replication proteins such as Pol α-primase 

and Pol δ. Hence, additional cellular enzyme participating in the replication of polymavirus 

DNA was tested to uncover whether it is a potential target of these analogs. Here the 

investigations were focused on the topological relaxation by human Topoisomerase I. 

Interestingly, the data reveals that Topoisomerase I is not inhibited by the analogs instead, 

the analogs enhanced the DNA relaxation activity of topoisomerase I. 

 

Conclusion and Future Studies 

This study revealed that Pol α-primase and Pol δ are targets of the fatty-ester-linked 

analogs. It also suggests that the Pol α-primase DNA synthesis activity is inhibited by the 

fatty-ester-modified analogs through interactions that putatively and reversibly inactivate 

the enzyme by an allosterical mechanism. Furthermore, it proposes an additional inhibition 

mechanism of the DNA polymerases by the analog, differeing from the inhibition 

mechanism of vaccina virus and CMV DNA polymerases as previously reported (Magee et 

al, 2005, 2008; Xiong et al, 1997). This study further reveals that TAg encoded by 

polyomaviruses is a direct target of the fatty-ester-modified CDV derivatives, which inhibit 

the enzyme helicase and ATPase activities. Hence, the profound increase in anti-

polyomaviral activities of the analogs linked to the alkaloxyalcohol could be a consequence 

of cumulative effect of inhibition of cellular and viral proteins responsible of the replication 

of the viral genome. It further shows that the analogs acquire novel binding ability that 

allosterically modify and inactivates their targets enzymes. It further reveals that the fatty-

ester linked nucleotide analogs are effective even without undergoing further modifications 

or concersions and potentially reveals a novel active metabolite in the metabolism of 

nucleotide analog-based therapeutics in organisms. The acquiring of novel inhibitory 

interactions could also explain the increase in inhibition effeciencies of the fatty-ester-

modified analogs. 
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This study has revealed some of the cellular and viral targets of the fatty-ester-

conjugated analogs and it is possible that more nucleotide-interacting cellular proteins could 

be the targets of these modified analogs.  

Hence as a focus of further studies, the effects of these modified analogs on all the 

cellular proteins involved in cellular and viral DNA replication is to be investigated. Also, 

cellular protein expression levels should be investigated in the presence or absence of the 

fatty-ester-modified and the unmodified analogs with a view to elucidating the genes that 

are affected by the analogs. The effects of the analogs on the protein-protein and protein-

nucleotide interactions between the proteins involved in replication of celluar and viral 

DNA should be further investigated to further ascertain if the analogs have other cellular 

and viral targets. Also, performing docking of the nucleotide analogs on the replication 

proteins is strongly suggested to elucidate the putative sites on the proteins that interact with 

the nucleotide analogs. 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and [dCTP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 128.7 119.5 59.89 20.87 

Km 1.659 1.903 36.49 73.52 

Std. Error     
Vmax 4.127 3.124 2.325 3.369 

Km 0.2929 0.2572 3.331 22.4 

95% CI (profile likelihood)     
Vmax 120.4 to 137.2 113.2 to 126 55.52 to 65.1 15.44 to 34.9 

Km 1.151 to 2.362 1.43 to 2.509 30.43 to 44.2 38.86 to 171.3 

Goodness of Fit     
Degrees of Freedom 33 28 35 53 

R square 0.9241 0.9465 0.9883 0.9033 

Absolute Sum of Squares 6760 2760 86.82 94.31 

Sy.x 14.31 9.927 1.575 1.334 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 66 66 66 66 

# Y values analyzed 35 30 37 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDP-CDV and [dCTP] Variation 

      PBS           10 µM                50 µM            100 µM Global (shared) 

Best-fit values      
Vmax 137.5 137.5 137.5 137.5 137.5 

I = 0 = 10 = 50 = 100  
Alpha 3.434 3.434 3.434 3.434 3.434 

Ki 7.286 7.286 7.286 7.286 7.286 

Km 1.634 1.634 1.634 1.634 1.634 

Std. Error      
Vmax 4.079 4.079 4.079 4.079 4.079 

Alpha 1.474 1.474 1.474 1.474 1.474 

Ki 2.529 2.529 2.529 2.529 2.529 

Km 0.2735 0.2735 0.2735 0.2735 0.2735 

95% CI (profile 

likelihood)      

Vmax 

129.9 to 

145.3 129.9 to 145.3 129.9 to 145.3 129.9 to 145.3 129.9 to 145.3 

Alpha 

1.575 to 

6.952 1.575 to 6.952 1.575 to 6.952 1.575 to 6.952 1.575 to 6.952 

Ki 4.197 to 13.8 4.197 to 13.8 4.197 to 13.8 4.197 to 13.8 4.197 to 13.8 

Km 

1.187 to 

2.221 1.187 to 2.221 1.187 to 2.221 1.187 to 2.221 1.187 to 2.221 

Goodness of Fit      
Degrees of 

Freedom     153 

R square 0.9077 0.7247 0.4293 -5.849 0.9042 

Absolute Sum of 

Squares 8223 14190 4237 6681 33331 

Sy.x     14.76 

Constraints      

Vmax 

Vmax > 0 

and shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 

and shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 66 66 66 66  
# Y values 

analyzed 35 30 37 55  

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special 

cases. The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. 

I created XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of 

dNMP at each nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which 

the data was analyzed by choosing nonlinear regression and choose Mixed model enzyme inhibition. 

VmaxApp=Vmax/(1+I/(Alpha*Ki)), KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The 

parameters are I which is the inhibitor concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-

fit value for the entire set of data.  Vmax is the maximum enzyme velocity without inhibitor (pmol/h), Km is the 

Michaelis-Menten constant calculated for without inhibitor but which is shared. Ki is the inhibition constant expressed 

(µM). Alpha determines mechanism. Its value determines the degree to which the binding of inhibitor changes the affinity 

of the enzyme for substrate. Its value is always greater than zero. When Alpha=1, the inhibitor does not alter binding of 

substrate to the enzyme, and the mixed-model is identical to noncompetitive inhibition. When alpha is very large, binding 

of inhibitor prevents binding of the substrate and the mixed-model becomes identical to competitive inhibition. When 

Alpha is very small (but greater than zero), binding of the inhibitor enhances substrate binding to the enzyme, and the 

mixed model becomes nearly identical to an uncompetitive model. When Alpha is greater than 1 but not very large, that 

describes mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and [dCTP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 259.3 297.7 289.7 244.9 

Km 2.167 2.882 5.473 5.427 

Std. Error     
Vmax 3.645 3.998 3.905 4.067 

Km 0.1455 0.1854 0.3156 0.3861 

95% CI (profile likelihood)     
Vmax 252 to 266.8 289.6 to 305.9 281.9 to 297.7 236.8 to 253.3 

Km 1.888 to 2.484 2.524 to 3.286 4.87 to 6.148 4.699 to 6.266 

Goodness of Fit     
Degrees of Freedom 33 31 42 42 

R square 0.9892 0.9895 0.9898 0.9845 

Absolute Sum of Squares 3642 4217 5127 5590 

Sy.x 10.5 11.66 11.05 11.54 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 55 55 55 55 

# Y values analyzed 35 33 44 44 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 



   Appendix 4 

 

188 
 

Mixed model inhibition Kinetic: Pol α-primase with HDEacCDV and [dCTP] Variation 

      PBS           10 µM                50 µM  100 µM Global (shared) 

Best-fit values      
Vmax 285 285 285 285 285 

I = 0 = 10 = 50 = 100  
Alpha 16.19 16.19 16.19 16.19 16.19 

Ki 59.36 59.36 59.36 59.36 59.36 

Km 2.542 2.542 2.542 2.542 2.542 

Std. Error      
Vmax 3.778 3.778 3.778 3.778 3.778 

Alpha 5.947 5.947 5.947 5.947 5.947 

Ki 8.828 8.828 8.828 8.828 8.828 

Km 0.1711 0.1711 0.1711 0.1711 0.1711 

95% CI (profile 

likelihood)      

Vmax 277.6 to 292.5 277.6 to 292.5 277.6 to 292.5 

277.6 to 

292.5 277.6 to 292.5 

Alpha 8.436 to 38.69 8.436 to 38.69 8.436 to 38.69 

8.436 to 

38.69 8.436 to 38.69 

Ki 44.82 to 81.34 44.82 to 81.34 44.82 to 81.34 

44.82 to 

81.34 44.82 to 81.34 

Km 2.218 to 2.905 2.218 to 2.905 2.218 to 2.905 

2.218 to 

2.905 2.218 to 2.905 

Goodness of Fit      
Degrees of Freedom     152 

R square 0.9709 0.9797 0.9837 0.9806 0.9798 

Absolute Sum of 

Squares 9795 8176 8158 6977 33106 

Sy.x     14.76 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 

and shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 

and shared  

Ki 

Ki > 0 and 

shared Ki > 0 and shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 55 55 55 55  
# Y values analyzed 35 33 44 44  

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special cases. The 

model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. I created XY data 

table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of dNMP at each nucleotide 

concentration for the different concentrations of the inhibitor (nucleotide analog). After which the data was analyzed by choosing 

nonlinear regression and choose Mixed model enzyme inhibition. VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The parameters are I which is the inhibitor 

concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-fit value for the entire set of data.  Vmax is the 

maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-Menten constant calculated for without inhibitor but 

which is shared. Ki is the inhibition constant expressed (µM). Alpha determines mechanism. Its value determines the degree to 

which the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always greater than zero. When Alpha=1, 

the inhibitor does not alter binding of substrate to the enzyme, and the mixed-model is identical to noncompetitive inhibition. When 

alpha is very large, binding of inhibitor prevents binding of the substrate and the mixed-model becomes identical to competitive 

inhibition. When Alpha is very small (but greater than zero), binding of the inhibitor enhances substrate binding to the enzyme, and 

the mixed model becomes nearly identical to an uncompetitive model. When Alpha is greater than 1 but not very large, that describes 

mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with Aphidicolin and [dCTP] Variation 

 DMSO 30 µM 90 µM 

Michaelis-Menten    
Best-fit values    
Vmax 333.2 333.7 356.6 

Km 2.278 16.39 52.36 

Std. Error    
Vmax 9.468 10.15 1.714 

Km 0.3663 1.971 0.5503 

95% CI (profile likelihood)    
Vmax 313.4 to 354 313.2 to 358.5 353 to 360.3 

Km 1.625 to 3.228 12.61 to 21.53 51.21 to 53.54 

Goodness of Fit    
Degrees of Freedom 14 14 16 

R square 0.973 0.9935 0.9999 

Absolute Sum of Squares 6924 1485 7.26 

Sy.x 22.24 10.3 0.6736 

Constraints    
Km Km > 0 Km > 0 Km > 0 

Number of points    
# of X values 20 20 20 

# Y values analyzed 16 16 18 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with Aphidicolin and [dCTP] Variation 

      DMSO           30 µM                90 µM Global (shared) 

Best-fit values     
Vmax 334.1 334.1 334.1 334.1 

I = 0 = 30 = 90 
 

Alpha ~ 1.082e+095 ~ 1.082e+095 ~ 1.082e+095 ~ 1.082e+095 

Ki 4.808 4.808 4.808 4.808 

Km 2.296 2.296 2.296 2.296 

Std. Error     

Vmax 5.155 5.155 5.155 5.155 

Alpha ~  ~  ~  ~  

Ki 1.422 1.422 1.422 1.422 

Km 0.2186 0.2186 0.2186 0.2186 

95% CI (profile 

likelihood)     

Vmax ??? ??? ??? ??? 

Alpha (Very wide) (Very wide) (Very wide) (Very wide) 

Ki ??? ??? ??? ??? 

Km ??? ??? ??? ??? 

Goodness of Fit     

Degrees of Freedom    46 

R square 0.9729 0.9935 0.9993 0.9885 

Absolute Sum of 

Squares 6929 1488 99.38 8516 

Sy.x    13.61 

Constraints     

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 
 

I I = 0 I = 30 I = 90 
 

Alpha 

Alpha > 0 and 

shared Alpha > 0 shared 

Alpha > 0 and 

shared 
 

Ki Ki > 0 and shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 
 

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 
 

     

Number of points     

# of X values 18 18 18 
 

# Y values analyzed 16 16 18 
 

 

 

 

Table was obtained from the Mixed Model Inhibition equation analysis of effects of aphidicolin on the 

on Pol α-primase with respect to [dCTP] variation. The table has similar description as the previous 

and subsequent Mixed Model Inhibition-equation-derived tables. 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and [dATP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 149.4 115.5 31.19 12.93 

Km 1.58 1.477 1.201 0.9351 

Std. Error     
Vmax 1.309 1.997 1.319 0.7833 

Km 0.07208 0.1298 0.2621 0.3577 

95% CI (profile likelihood)     
Vmax 146.6 to 152.1 111.3 to 119.8 28.44 to 34.11 11.32 to 14.64 

Km 1.433 to 1.74 1.221 to 1.779 0.7298 to 1.909 0.3827 to 1.997 

Goodness of Fit     
Degrees of Freedom 16 16 16 16 

R square 0.9963 0.9857 0.9169 0.8088 

Absolute Sum of Squares 175.5 399.4 170.2 78.09 

Sy.x 3.312 4.996 3.261 2.209 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 20 20 20 20 

# Y values analyzed 18 18 18 18 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDP-CDV and [dATP] Variation 

      PBS           10 µM 

               50 

µM            100 µM Global (shared) 

Best-fit values      
Vmax 154.6 154.6 154.6 154.6 154.6 

I = 0 = 10 = 50 = 100  
Alpha 0.8052 0.8052 0.8052 0.8052 0.8052 

Ki 22.73 22.73 22.73 22.73 22.73 

Km 1.56 1.56 1.56 1.56 1.56 

Std. Error      
Vmax 3.463 3.463 3.463 3.463 3.463 

Alpha 0.3853 0.3853 0.3853 0.3853 0.3853 

Ki 9.862 9.862 9.862 9.862 9.862 

Km 0.1811 0.1811 0.1811 0.1811 0.1811 

95% CI (profile 

likelihood)      
Vmax 148 to 161.4 148 to 161.4 148 to 161.4 148 to 161.4 148 to 161.4 

Alpha 0.2668 to 1.724 0.2668 to 1.724 

0.2668 to 

1.724 0.2668 to 1.724 0.2668 to 1.724 

Ki 11.56 to 63.53 11.56 to 63.53 

11.56 to 

63.53 11.56 to 63.53 11.56 to 63.53 

Km 1.242 to 1.945 1.242 to 1.945 

1.242 to 

1.945 1.242 to 1.945 1.242 to 1.945 

Goodness of Fit      
Degrees of Freedom     68 

R square 0.9903 0.9036 0.4544 -2.176 0.9682 

Absolute Sum of 

Squares 465.7 2688 1117 1297 5568 

Sy.x     9.049 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 

and shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 

and shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 20 20 20 20  
# Y values analyzed 18 18 18 18  

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special 

cases. The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. 

I created XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of 

dNMP at each nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which 

the data was analyzed by choosing nonlinear regression and choose Mixed model enzyme inhibition. 

VmaxApp=Vmax/(1+I/(Alpha*Ki)), KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The 

parameters are I which is the inhibitor concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-

fit value for the entire set of data.  Vmax is the maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-

Menten constant calculated for without inhibitor but which is shared. Ki is the inhibition constant expressed (µM). Alpha 

determines mechanism. Its value determines the degree to which the binding of inhibitor changes the affinity of the 

enzyme for substrate. Its value is always greater than zero. When Alpha=1, the inhibitor does not alter binding of substrate 

to the enzyme, and the mixed-model is identical to noncompetitive inhibition. When alpha is very large, binding of 

inhibitor prevents binding of the substrate and the mixed-model becomes identical to competitive inhibition. When Alpha 

is very small (but greater than zero), binding of the inhibitor enhances substrate binding to the enzyme, and the mixed 

model becomes nearly identical to an uncompetitive model. When Alpha is greater than 1 but not very large, that describes 

mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and [dATP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 238.8 234.5 227.4 205 

Km 1.365 1.925 2.422 2.259 

Std. Error     
Vmax 6.949 6.515 5.285 1.333 

Km 0.2554 0.3188 0.3394 0.07896 

95% CI (profile likelihood)     
Vmax 223.9 to 254.5 220.6 to 249.1 216.1 to 239.4 202 to 207.9 

Km 0.8901 to 2.035 1.325 to 2.742 1.772 to 3.288 2.091 to 2.438 

Goodness of Fit     
Degrees of Freedom 11 12 11 11 

R square 0.9708 0.9747 0.9856 0.9989 

Absolute Sum of Squares 2775 2383 1273 72.07 

Sy.x 15.88 14.09 10.76 2.56 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 14 14 14 14 

# Y values analyzed 13 14 13 13 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDEacCDVand [dATP] Variation 

      PBS           10 µM 

               50 

µM            100 µM Global (shared) 

Best-fit values      
Vmax 238.8 238.8 238.8 238.8 238.8 

I = 0 = 10 = 50 = 100  
Alpha 5.874 5.874 5.874 5.874 5.874 

Ki 116.8 116.8 116.8 116.8 116.8 

Km 1.58 1.58 1.58 1.58 1.58 

Std. Error      
Vmax 4.032 4.032 4.032 4.032 4.032 

Alpha 3.365 3.365 3.365 3.365 3.365 

Ki 43.82 43.82 43.82 43.82 43.82 

Km 0.172 0.172 0.172 0.172 0.172 

95% CI (profile 

likelihood)      
Vmax 230.9 to 247.1 230.9 to 247.1 230.9 to 247.1 230.9 to 247.1 230.9 to 247.1 

Alpha 1.477 to 20.29 1.477 to 20.29 1.477 to 20.29 1.477 to 20.29 1.477 to 20.29 

Ki 60.57 to 343.1 60.57 to 343.1 60.57 to 343.1 60.57 to 343.1 60.57 to 343.1 

Km 1.257 to 1.964 1.257 to 1.964 1.257 to 1.964 1.257 to 1.964 1.257 to 1.964 

Goodness of Fit      
Degrees of Freedom     49 

R square 0.9683 0.9718 0.9841 0.9976 0.9796 

Absolute Sum of 

Squares 3017 2650 1404 158.1 7229 

Sy.x     12.15 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 14 14 14 14  
# Y values analyzed 13 14 13 13  

 

 

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special cases. 

The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. I created XY 

data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of dNMP at each 

nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which the data was analyzed 

by choosing nonlinear regression and choose Mixed model enzyme inhibition. VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The parameters are I which is the inhibitor 

concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-fit value for the entire set of data.  Vmax is the 

maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-Menten constant calculated for without inhibitor 

but which is shared. Ki is the inhibition constant expressed (µM). Alpha determines mechanism. Its value determines the degree 

to which the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always greater than zero. When 

Alpha=1, the inhibitor does not alter binding of substrate to the enzyme, and the mixed-model is identical to noncompetitive 

inhibition. When alpha is very large, binding of inhibitor prevents binding of the substrate and the mixed-model becomes 

identical to competitive inhibition. When Alpha is very small (but greater than zero), binding of the inhibitor enhances substrate 

binding to the enzyme, and the mixed model becomes nearly identical to an uncompetitive model. When Alpha is greater than 

1 but not very large, that describes mixed competitive inhibition. 



Appendix 11 

 

195 
 

 

Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and [dGTP] Variation 

 PBS 10 µM 100 µM 

Michaelis-Menten    
Best-fit values    
Vmax 119.8 101.6 8.965 

Km 1.821 1.491 2.126 

Std. Error    
Vmax 4.727 6.344 0.3298 

Km 0.3832 0.4974 0.4005 

95% CI (profile likelihood)    
Vmax 110.2 to 130 88.87 to 115.3 8.308 to 9.657 

Km 1.127 to 2.794 0.6793 to 2.84 1.422 to 3.079 

Goodness of Fit    
Degrees of Freedom 26 21 28 

R square 0.8949 0.7936 0.9049 

Absolute Sum of Squares 5264 6623 28.05 

Sy.x 14.23 17.76 1.001 

Constraints    
Km Km > 0 Km > 0 Km > 0 

Number of points    
# of X values 32 32 32 

# Y values analyzed 28 23 30 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDP-CDV and [dGTP] Variation 

      PBS           10 µM            100 µM Global (shared) 

Best-fit values     
Vmax 124.6 124.6 124.6 124.6 

I = 0 = 10 = 100  
Alpha 0.718 0.718 0.718 0.718 

Ki 32.08 32.08 32.08 32.08 

Km 1.724 1.724 1.724 1.724 

Std. Error     
Vmax 5.088 5.088 5.088 5.088 

Alpha 0.8922 0.8922 0.8922 0.8922 

Ki 36.28 36.28 36.28 36.28 

Km 0.3786 0.3786 0.3786 0.3786 

95% CI (profile 

likelihood)     
Vmax 115.1 to 134.8 115.1 to 134.8 115.1 to 134.8 115.1 to 134.8 

Alpha ??? to 3.216 ??? to 3.216 ??? to 3.216 ??? to 3.216 

Ki 8.783 to +infinity 8.783 to +infinity 8.783 to +infinity 8.783 to +infinity 

Km 1.087 to 2.582 1.087 to 2.582 1.087 to 2.582 1.087 to 2.582 

Goodness of Fit     
Degrees of Freedom    77 

R square 0.8846 0.6959 -13.01 0.8885 

Absolute Sum of Squares 5779 9758 4136 19673 

Sy.x    15.98 

Constraints     

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  
Ki Ki > 0 and shared Ki > 0 and shared Ki > 0 and shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points     
# of X values 32 32 32  
# Y values analyzed 28 23 30  

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special cases. 

The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. I created 

XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of dNMP at each 

nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which the data was analyzed 

by choosing nonlinear regression and choose Mixed model enzyme inhibition. VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The parameters are I which is the inhibitor 

concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-fit value for the entire set of data.  Vmax is the 

maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-Menten constant calculated for without inhibitor 

but which is shared. Ki is the inhibition constant expressed (µM). Alpha determines mechanism. Its value determines the degree 

to which the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always greater than zero. When 

Alpha=1, the inhibitor does not alter binding of substrate to the enzyme, and the mixed-model is identical to noncompetitive 

inhibition. When alpha is very large, binding of inhibitor prevents binding of the substrate and the mixed-model becomes 

identical to competitive inhibition. When Alpha is very small (but greater than zero), binding of the inhibitor enhances substrate 

binding to the enzyme, and the mixed model becomes nearly identical to an uncompetitive model. When Alpha is greater than 

1 but not very large, that describes mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and [dGTP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 258 256.8 192.5 140.9 

Km 1.119 1.064 1.053 1.727 

Std. Error     
Vmax 0.8433 4.008 1.75 2.675 

Km 0.02533 0.1167 0.06747 0.2013 

95% CI (profile likelihood)     
Vmax 256.2 to 259.8 248.1 to 265.6 188.8 to 196.4 135.2 to 146.9 

Km 1.065 to 1.175 0.8315 to 1.343 0.9138 to 1.208 1.333 to 2.217 

Goodness of Fit     
Degrees of Freedom 12 12 12 12 

R square 0.9995 0.9894 0.9964 0.9874 

Absolute Sum of Squares 50 1149 219.8 422.5 

Sy.x 2.041 9.785 4.28 5.933 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 14 14 14 14 

# Y values analyzed 14 14 14 14 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of values for 

the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDEacCDV and [dGTP] Variation 

      PBS           10 µM                50 µM            100 µM Global (shared) 

Best-fit values      
Vmax 266.8 266.8 266.8 266.8 266.8 

I = 0 = 10 = 50 = 100  
Alpha 1.586 1.586 1.586 1.586 1.586 

Ki 76.43 76.43 76.43 76.43 76.43 

Km 1.062 1.062 1.062 1.062 1.062 

Std. Error      
Vmax 3.325 3.325 3.325 3.325 3.325 

Alpha 0.5398 0.5398 0.5398 0.5398 0.5398 

Ki 23.27 23.27 23.27 23.27 23.27 

Km 0.09435 0.09435 0.09435 0.09435 0.09435 

95% CI (profile 

likelihood)      
Vmax 260.3 to 273.5 260.3 to 273.5 260.3 to 273.5 260.3 to 273.5 260.3 to 273.5 

Alpha 0.7349 to 2.855 0.7349 to 2.855 0.7349 to 2.855 

0.7349 to 

2.855 0.7349 to 2.855 

Ki 45.72 to 154.5 45.72 to 154.5 45.72 to 154.5 45.72 to 154.5 45.72 to 154.5 

Km 0.8877 to 1.26 0.8877 to 1.26 0.8877 to 1.26 0.8877 to 1.26 0.8877 to 1.26 

Goodness of Fit      
Degrees of Freedom     52 

R square 0.9909 0.9788 0.9882 0.9622 0.9865 

Absolute Sum of 

Squares 991.7 2302 712.9 1267 5274 

Sy.x     10.07 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 14 14 14 14  
# Y values analyzed 14 14 14 14  

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special 

cases. The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. I 

created XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of dNMP 

at each nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which the data was 

analyzed by choosing nonlinear regression and choose Mixed model enzyme inhibition. VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The parameters are I which is the inhibitor 

concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-fit value for the entire set of data.  Vmax is 

the maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-Menten constant calculated for without 

inhibitor but which is shared. Ki is the inhibition constant expressed (µM). Alpha determines mechanism. Its value determines 

the degree to which the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always greater than 

zero. When Alpha=1, the inhibitor does not alter binding of substrate to the enzyme, and the mixed-model is identical to 

noncompetitive inhibition. When alpha is very large, binding of inhibitor prevents binding of the substrate and the mixed-

model becomes identical to competitive inhibition. When Alpha is very small (but greater than zero), binding of the inhibitor 

enhances substrate binding to the enzyme, and the mixed model becomes nearly identical to an uncompetitive model. When 

Alpha is greater than 1 but not very large, that describes mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with HDP-CDV and [dTTP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 136.4 106.7 49.22 15.65 

Km 2.664 1.584 2.552 1.534 

Std. Error     
Vmax 2.598 2.671 1.877 1.012 

Km 0.2319 0.2035 0.4624 0.5296 

95% CI (profile likelihood)     
Vmax 131.1 to 141.8 101.2 to 112.3 45.44 to 53.2 13.59 to 17.9 

Km 2.224 to 3.182 1.208 to 2.06 1.741 to 3.701 0.6925 to 3.273 

Goodness of Fit     
Degrees of Freedom 26 26 26 24 

R square 0.9796 0.9529 0.9173 0.7623 

Absolute Sum of Squares 1291 1796 744.3 230.8 

Sy.x 7.046 8.31 5.35 3.101 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 40 40 40 40 

# Y values analyzed 28 28 28 26 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDP-CDV and [dTTP] Variation 

      PBS           10 µM 

               50 

µM            100 µM Global (shared) 

Best-fit values      
Vmax 139.4 139.4 139.4 139.4 139.4 

I = 0 = 10 = 50 = 100  
Alpha 0.5761 0.5761 0.5761 0.5761 0.5761 

Ki 43.88 43.88 43.88 43.88 43.88 

Km 2.387 2.387 2.387 2.387 2.387 

Std. Error      
Vmax 3.052 3.052 3.052 3.052 3.052 

Alpha 0.2769 0.2769 0.2769 0.2769 0.2769 

Ki 19.27 19.27 19.27 19.27 19.27 

Km 0.2402 0.2402 0.2402 0.2402 0.2402 

95% CI (profile 

likelihood)      
Vmax 133.6 to 145.4 133.6 to 145.4 133.6 to 145.4 133.6 to 145.4 133.6 to 145.4 

Alpha 0.1986 to 1.191 0.1986 to 1.191 0.1986 to 1.191 

0.1986 to 

1.191 0.1986 to 1.191 

Ki 23 to 118.5 23 to 118.5 23 to 118.5 23 to 118.5 23 to 118.5 

Km 1.962 to 2.886 1.962 to 2.886 1.962 to 2.886 1.962 to 2.886 1.962 to 2.886 

Goodness of Fit      
Degrees of 

Freedom     106 

R square 0.9727 0.9035 0.9027 -1.493 0.9567 

Absolute Sum of 

Squares 1733 3676 875 2421 8705 

Sy.x     9.062 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 40 40 40 40  
# Y values 

analyzed 28 28 28 26  

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special cases. 

The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. I created 

XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of dNMP at each 

nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which the data was analyzed 

by choosing nonlinear regression and choose Mixed model enzyme inhibition. VmaxApp=Vmax/(1+I/(Alpha*Ki)), 

KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The parameters are I which is the inhibitor 

concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-fit value for the entire set of data.  Vmax is 

the maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-Menten constant calculated for without 

inhibitor but which is shared. Ki is the inhibition constant expressed (µM). Alpha determines mechanism. Its value determines 

the degree to which the binding of inhibitor changes the affinity of the enzyme for substrate. Its value is always greater than 

zero. When Alpha=1, the inhibitor does not alter binding of substrate to the enzyme, and the mixed-model is identical to 

noncompetitive inhibition. When alpha is very large, binding of inhibitor prevents binding of the substrate and the mixed-

model becomes identical to competitive inhibition. When Alpha is very small (but greater than zero), binding of the inhibitor 

enhances substrate binding to the enzyme, and the mixed model becomes nearly identical to an uncompetitive model. When 

Alpha is greater than 1 but not very large, that describes mixed competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with HDEacCDV and [dTTP] Variation 

 PBS 10 µM 50 µM 100 µM 

Michaelis-Menten     
Best-fit values     
Vmax 143.3 137.7 106.2 83.61 

Km 2.382 2.762 3.036 8.798 

Std. Error     
Vmax 1.381 3.795 0.4658 1.653 

Km 0.1287 0.4082 0.06937 0.649 

95% CI (profile likelihood)     
Vmax 140.3 to 146.4 129.7 to 146.3 105.2 to 107.2 80.1 to 87.31 

Km 2.115 to 2.678 1.981 to 3.784 2.888 to 3.19 7.481 to 10.32 

Goodness of Fit     
Degrees of Freedom 12 12 12 12 

R square 0.9972 0.9793 0.9995 0.9945 

Absolute Sum of Squares 96.46 674 9.648 60.1 

Sy.x 2.835 7.495 0.8967 2.238 

Constraints     
Km Km > 0 Km > 0 Km > 0 Km > 0 

Number of points     
# of X values 14 14 14 14 

# Y values analyzed 14 14 14 14 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with HDEacCDV and [dTTP] Variation 

      PBS           10 µM 

               50 

µM            100 µM Global (shared) 

Best-fit values      
Vmax 145.9 145.9 145.9 145.9 145.9 

I = 0 = 10 = 50 = 100  
Alpha 3.866 3.866 3.866 3.866 3.866 

Ki 33.25 33.25 33.25 33.25 33.25 

Km 2.319 2.319 2.319 2.319 2.319 

Std. Error      
Vmax 2.38 2.38 2.38 2.38 2.38 

Alpha 1.075 1.075 1.075 1.075 1.075 

Ki 7.073 7.073 7.073 7.073 7.073 

Km 0.2235 0.2235 0.2235 0.2235 0.2235 

95% CI (profile 

likelihood)      
Vmax 141.3 to 150.7 141.3 to 150.7 141.3 to 150.7 141.3 to 150.7 141.3 to 150.7 

Alpha 2.193 to 6.539 2.193 to 6.539 2.193 to 6.539 2.193 to 6.539 2.193 to 6.539 

Ki 22.58 to 51.86 22.58 to 51.86 22.58 to 51.86 22.58 to 51.86 22.58 to 51.86 

Km 1.909 to 2.792 1.909 to 2.792 1.909 to 2.792 1.909 to 2.792 1.909 to 2.792 

Goodness of Fit      
Degrees of Freedom     52 

R square 0.9951 0.9778 0.9778 0.9483 0.9845 

Absolute Sum of 

Squares 171.2 724.8 421.7 569.3 1887 

Sy.x     6.024 

Constraints      

Vmax 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 10 I = 50 I = 100  

Alpha 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points      
# of X values 14 14 14 14  
# Y values analyzed 14 14 14 14  

 

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special 

cases. The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. 

I created XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of 

dNMP at each nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which 

the data was analyzed by choosing nonlinear regression and choose Mixed model enzyme inhibition. 

VmaxApp=Vmax/(1+I/(Alpha*Ki)), KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The 

parameters are I which is the inhibitor concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-

fit value for the entire set of data.  Vmax is the maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-

Menten constant calculated for without inhibitor but which is shared. Ki is the inhibition constant expressed (µM). Alpha 

determines mechanism. Its value determines the degree to which the binding of inhibitor changes the affinity of the enzyme 

for substrate. Its value is always greater than zero. When Alpha=1, the inhibitor does not alter binding of substrate to the 

enzyme, and the mixed-model is identical to noncompetitive inhibition. When alpha is very large, binding of inhibitor 

prevents binding of the substrate and the mixed-model becomes identical to competitive inhibition. When Alpha is very 

small (but greater than zero), binding of the inhibitor enhances substrate binding to the enzyme, and the mixed model 

becomes nearly identical to an uncompetitive model. When Alpha is greater than 1 but not very large, that describes mixed 

competitive inhibition 
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Michaelis-Menten Kinetic: Pol α-primase with CMX029 and [dCTP] Variation 

 PBS 10 µM 50 µM 

Michaelis-Menten    
Best-fit values    
Vmax 155.9 55.22 44.58 

Km 1.986 10.22 84.52 

Std. Error    
Vmax 2.459 1.375 0.3919 

Km 0.1665 1.068 1.34 

95% CI (profile likelihood)    
Vmax 150.7 to 161.3 52.42 to 58.27 43.77 to 45.43 

Km 1.658 to 2.38 8.179 to 12.73 81.74 to 87.43 

Goodness of Fit    
Degrees of Freedom 13 15 16 

R square 0.9925 0.9912 0.9999 

Absolute Sum of Squares 370.8 59.11 0.1248 

Sy.x 5.34 1.985 0.08832 

Constraints    
Km Km > 0 Km > 0 Km > 0 

Number of points    
# of X values 18 18 18 

# Y values analyzed 15 17 18 

 

 

 

 

 

 

 

 

 

 

 

The data was fitted with nonlinear regression with Michaelis-Menten equation on Prism GraphPad. The table of 

values for the parameters, Km and Vmax and their standard errors as well as the goodness of the fit was shown in 

the table 
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Mixed model inhibition Kinetic: Pol α-primase with CMX029 and [dCTP] Variation 

      PBS           50 µM           100 µM Global (shared) 

Best-fit values     
Vmax 156.1 156.1 156.1 156.1 

I = 0 = 50 = 100  
Alpha 10.44 10.44 10.44 10.44 

Ki 2.498 2.498 2.498 2.498 

Km 1.992 1.992 1.992 1.992 

Std. Error     
Vmax 2.324 2.324 2.324 2.324 

Alpha 3.077 3.077 3.077 3.077 

Ki 0.5327 0.5327 0.5327 0.5327 

Km 0.1575 0.1575 0.1575 0.1575 

95% CI (profile 

likelihood)     
Vmax 151.5 to 160.9 151.5 to 160.9 151.5 to 160.9 151.5 to 160.9 

Alpha 5.801 to 19.12 5.801 to 19.12 5.801 to 19.12 5.801 to 19.12 

Ki 1.649 to 3.884 1.649 to 3.884 1.649 to 3.884 1.649 to 3.884 

Km 1.7 to 2.336 1.7 to 2.336 1.7 to 2.336 1.7 to 2.336 

Goodness of Fit     
Degrees of Freedom    46 

R square 0.9925 0.9585 0.6397 0.9904 

Absolute Sum of 

Squares 371 279.8 519.8 1171 

Sy.x    5.045 

Constraints     

Vmax Vmax > 0 and shared 

Vmax > 0 and 

shared 

Vmax > 0 and 

shared  
I I = 0 I = 50 I = 100  

Alpha Alpha > 0 and shared 

Alpha > 0 and 

shared 

Alpha > 0 and 

shared  

Ki Ki > 0 and shared 

Ki > 0 and 

shared 

Ki > 0 and 

shared  

Km Km > 0 and shared 

Km > 0 and 

shared 

Km > 0 and 

shared  
Number of points     
# of X values 18 18 18  
# Y values analyzed 15 17 18  

 

 

 

 

 

 

The mixed model is a general equation that includes competitive, uncompetitive and noncompetitive inhibition as special 

cases. The model has one more parameter than the others, and this parameter tells you about the mechanism of inhibition. 

I created XY data table where X was the concentrations of the nucleotide and Y represented the rate of incorporation of 

dNMP at each nucleotide concentration for the different concentrations of the inhibitor (nucleotide analog). After which 

the data was analyzed by choosing nonlinear regression and choose Mixed model enzyme inhibition. 

VmaxApp=Vmax/(1+I/(Alpha*Ki)), KmApp=Km*(1+I/Ki)/(1+I/(Alpha*Ki)) and Y=VmaxApp*X/(KmApp + X). The 

parameters are I which is the inhibitor concentration (µM), Alpha, Vmax, Km and Ki are shared, so Prism fits one best-

fit value for the entire set of data.  Vmax is the maximum enzyme velocity without inhibitor (pmol/h), Km is the Michaelis-

Menten constant calculated for without inhibitor but which is shared. Ki is the inhibition constant expressed (µM). Alpha 

determines mechanism. Its value determines the degree to which the binding of inhibitor changes the affinity of the 

enzyme for substrate. Its value is always greater than zero. When Alpha=1, the inhibitor does not alter binding of substrate 

to the enzyme, and the mixed-model is identical to noncompetitive inhibition. When alpha is very large, binding of 

inhibitor prevents binding of the substrate and the mixed-model becomes identical to competitive inhibition. When Alpha 

is very small (but greater than zero), binding of the inhibitor enhances substrate binding to the enzyme, and the mixed 

model becomes nearly identical to an uncompetitive model. When Alpha is greater than 1 but not very large, that describes 

mixed competitive inhibition 


